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Abstract 
Inclusion removal is key for achieving clean steel. Better understanding of the 
removal process requires improved knowledge of the inclusion-slag 
interfacial/wetting chemistry and dissolution kinetics. However there are little 
wetting data and conflicting kinetic information available. The aim of this study 
was the evaluation of the wetting/interfacial tension in the inclusion-slag 
systems and fundamental understanding the dissolution kinetics of inclusions in 
slags (i.e. establishing the rate-controlling step of dissolution).  
  
The inclusion-slag wetting/interfacial chemistry was evaluated through dynamic 
wetting (θ) measurement of a range of ladle (L-type) and tundish (T-type) slags 
in the CaO-Al2O3-SiO2-(MgO) system on substrates representing typical 
steelmaking inclusions utilising a sessile drop technique at 1500°C. The 
substrates tested were Al2O3, MgAl2O4 and CaO.Al2O3. The experimental work 
was complimented by thermodynamic modelling using the MTDATA software 
package. The interfacial chemistry of these systems was further characterised 
by evaluation of interfacial tension (σ) and the work of adhesion (W).  
 
Wetting behaviour (θ<90°) was found for all systems examined. Also, θ vs. time 
showed a rapid decrease in wetting in the first 10 seconds tending to a plateau 
value at extended times. The change of θ was a function of time, slag and 
substrate. 
 
The time dependency of θ was found to be predominantly a result of slag-
substrate reactivity. Evidence for reactivity was obtained from thermodynamic 
modelling, reaction and/or penetration of the slag within the substrate, and the 
substrate wear/erosion/corrosion by slag. These were found via SEM-EDS 
characterisation of the reaction interface. 
  
The change of θ was shown to be a function of the initial slag 
composition/structure as characterised by slag basicity (B), optical basicity (Λ) 
and NBO/T. L-type slags with higher B, Λ and NBO/T have a simpler structure, 
iv 
 
this resulted in a lower θ. Further, T-type acid slags with lower B, Λ and NBO/T 
have larger, more complex structures, this resulted in higher θ.  
 
The θ spreading behaviour was modelled utilising the Choi and Lee wetting 
model. While this model fitted the data well there was some doubt as to its 
physical basis.  Analysis of the fitting parameters indicated that the model may 
have some physical relevance for basic slag systems but appears to be little 
more than a correlation in the acid regime. It is likely that the complex ions in 
the slag associated with the acid regime are not well accounted for in the 
model. 
 
The slag-substrate interfacial tension (σ) was calculated from the θ data using 
Young’s equation. It was found that L-type slags (on the substrates alumina, 
spinel and calcium aluminate) result in a lower σ than the T-type slags. Also, 
for both slag types σ decreased with increasing slag basicity. Further, σ 
correlated with slag structure, i.e. σ decreased linearly with an increase of 
slag Λ and decreased logarithmically with an increase of slag viscosity from     
L-type basic slags to T-type acidic slags. This would appear to indicate that 
higher σ was a result of the more complex larger ion structures in these slags.  
 
The substrate material also had an effect on σ. The calcium aluminate 
substrate-slag systems had lower σ than spinel which in turn was lower than 
alumina for slag compositions examined. 
 
The effect of substrate porosity and slag-substrate contact time was assessed. 
It was found that changing the substrate porosity from 6.7% to 1.9% had little 
effect on θ but caused the depth of slag penetration to decrease by ~45%. 
There was evidence of slag penetration when the contact time was decreased 
from 60 seconds to 1 second, the depth of penetration decreased from 190µm 
to 30µm. This is consistent with models of slag penetration into refractories 
found in the literature.     
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The slag-inclusion systems evaluated in this study were more wetting (θ<90°) 
than iron/steel on the same inclusion types (where θ>90°). From calculation of 
the work of adhesion (W) for the systems studied, it was found that L-type slags 
had a greater W than T-type slags, i.e. the slags formed a stronger bond with 
the inclusion phases examined. This indicated that for all other factors being 
equal, the efficiency of inclusion removal from steel would be higher using       
L-type slags. It was also found that calcium aluminate with greater W is more 
easily removed from the steel than spinel which in turn is easier than alumina 
for the slags tested. These data could be used to inform slag composition 
selection to optimise inclusion removal or inform selection of new deoxidation or 
inclusion modification practices to deal with inclusions. 
 
The rate of dissolution of sapphire (Al2O3) and alumina-magnesia (similar to 
MgAl2O4) particles in T-type slags was measured using a LSCM at 1500°C. The 
rate of dissolution of the particles was a function of both the slag and particle 
composition. In general, the rate of dissolution increased as the basicity of the 
slag increased.  
 
The rate controlling mechanism for the dissolution of the oxide particles in the 
T-type slags was assessed using several tests based upon the shrinking core 
model (SCM). Given the uncertainties, problems and limitations with the 
dissolution rate data, it was difficult to determine robust conclusions for either 
the sapphire or alumina-magnesia particles.  
 
However, for sapphire particles, there were indications that the dissolution of 
sapphire was at least in part controlled by mass transfer in the slag phase, while 
for alumina-magnesia particles the rate was likely at least in part controlled by 
chemical reaction. Characterisation of the slag-particle interface in general 
supported the findings of the tests based on the SCM though indicated for the 
alumina-magnesia particle-slag system dissolution may be more complex. In 
this system a product layer formed that requires further analysis to establish its 
effects. 
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Nomenclature and Abbreviations 
Symbol Definition/Meaning in Text 
A Area of dissolving particle 
A Area of plane in a crystal unit cell   
A Factor related to slag constituents in Roboud model [188] 
A The radius ratio term of the left hand side in Equation 2-64 
AF The modified radius ratio term of the left hand side in Equation 5-13 
a Radius of the circle marked by the basal plane in Figure 3-9 
a Area of smooth surface 
a; Activity of species i 
aK Area of real/unsmooth surface 
B Slag basicity 
B Factor related to the slag constituents in Riboud model [188] 
B The radius ratio term of the left hand side in Equation 2-68 
BF The modified radius ratio term of the left hand side in Equation 5-14 
[B]' Concentration of dissolving particle B at time t 
[B] Concentration of dissolving particle B at time zero 
b stoichiometric coefficient of dissolving species in Equation 2-61 
b Factor related to surface roughness of the solid substrate in Choi and Lee wetting model [7] 
C& Concentration of species i in bulk liquid slag 
C; Concentration of species i at slag-particle interface 
C Concentration of species i at particle surface 
c Specific heat capacity 
D Planar density of crystallographic plane 
D 
Diffusion coefficient of the rate-limiting species, assuming the 
aluminium-oxygen complex anion is the rate-limiting species 
D′ 
Diffusion coefficient of the rate-limiting species, assuming the 
magnesium cation is the rate-limiting species 
D Diameter of the slag pellet in heat transfer equation 
D Diameter of the alumina scaling element in the wetting experiments 
E Young’s (elastic) modulus 
E Heat energy 
e;
< Interaction coefficient of element j on i 
f Factor related to slag viscosity in Feichtinger diffusion model [157] 
f; Henrian activity coefficient of species i 
h Height of contact circle in Figure 3-7 
h 
Maximum space between the surfaces prior to separation in 
phenomenological model [125] 
J Molar flux in Fick’s first low [162] 
K The equilibrium constant of reaction 
k Boltzman constant 
k Constant in Choi and Lee wetting model [7] 
k Heat conductivity 
kU Chemical reaction rate constant in shrinkage core model [129] 
L Diameter of substrate 
l Slag penetration depth into substrate 
M Molecular weight  
M Number of data points in X direction in Equation 3-3 
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m 
Factor related to the surface tension and viscosity of the liquid drop 
in Choi and Lee wetting model [7] 
m Mass of slag 
N Number of data points in Y direction in Equation 3-3 
N Number of atoms in specific plane of the unit cell 
NX Mass of dissolving reagent B 
NBO/T 
number of non-bridging oxygen atoms divided by the number of 
tetrahedrally-coordinated atoms 
R Wenzel’s ratio 
R Radius of dissolving particle at time t 
R2 Fitting parameter of the linear regression to the data 
R Roughness average of substrates 
R Radius of dissolving particle at time zero 
RF 
The modified radius of the dissolving particle associated with the 
active fraction volume/area of the particle 
Re Raynolds number 
r Pore radius 
s Shape factor in heat transfer equation 
SF Unchanged exterior surface in shrinkage core model [129] 
q Heat transfer rate 
T Temperature 
t Time 
U Fluid flow speed of liquid slag 
V Molar volume 
V̂ Partial volume of slag reagents  
VF Active volume of the sunk particle 
W Work of adhesion 
X Mole fraction 
X Image calibration coefficient for laser scanning confocal microscope 
XX Fractional dissolution of the particle 
XK Mole fraction of network formers 
y`X
a  Total charge on network-breaking cations 
y`X
b  Electrical charge balance of AlO4
4- and FeO4
4- 
Z Surface height relative to the mean plane in Equation 3-3 
z Radius of furnace tube 
α Equivalent to θ/2 in Figure 3-9 
α Mean linear thermal expansion  
η Liquid viscosity 
γ; Raoultian activity coefficient of species i 
θ Contact angle 
θ'D Measured contact angle at time zero 
θ'% Measured contact angle at extended times 
θ 
contact angle at t = 0 in Choi and Lee [7] and Schroeder [108] 
wetting models  
θ contact angle at t = ∞ in Schroeder wetting models [108] 
θ,
  Equilibrium contact angle between initial slag and substrate in Choi 
and Lee wetting model [7] 
θ,
  Equilibrium contact angle at t = ∞ in Choi and Lee wetting      
model [7] 
θU Apparent contact angle on a rough surface 
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θ Contact angle on perfectly smooth surface  
λ Jump distance in Eyring equation [162] 
ρ Density 
σ̂ Partial molar surface tension 
σ Liquid-solid interfacial tension 
σ Liquid-vapour interfacial tension 
σ Solid-vapour interfacial tension 
σ	(klmF) Solid-vapour interfacial tension of complex oxides 
σ	() Alumina substrate-vapour interfacial tension  
σ	( ) Spinel substrate-vapour interfacial tension  
σ	(!.) Calcium aluminate substrate-vapour interfacial tension 
σ	(#$) Slag-alumina substrate Interfacial tension  
σ	(#$ ) Slag-spinel substrate Interfacial tension 
σ	(#$!.) Slag-calcium aluminate substrate Interfacial tension 
σK Interfacial tension at temperature T 
∂σ ∂T⁄  Interfacial tension-temperature gradient 
σ	{a} Solid-vapour interfacial tension of {100} plane family 
σ	{aa} Solid-vapour interfacial tension of {110} plane family 
σ	{aaa} Solid-vapour interfacial tension of {111} plane family 
σ
  
Sum of the energy of the solid surface when the ions are held 
rigidly everywhere just as the ions in the bulk in atomic model [125] 
∆σ 
Correction term for interfacial tension of solid substrate in atomic 
model [125] 
τ Total dissolution time 
∆C 
Thermodynamic driving force (the difference in concentration of 
species i between liquid bulk and liquid-solid interface) 
∆G The standard Gibbs free energy of reaction 
Λ Optical basicity of slag 
Λ; Optical basicity of single oxide 
LSCM Laser scanning confocal microscope 
SCM Shrinkage core model 
L-type Ladle type slags 
T-type Tundish type slags 
                 
 
 
 
 
 
 
 
 
 
xxviii 
 
Acknowledgement 
This project was completed with support and assistance of many people and I 
am grateful to acknowledge them. 
 
First, I would like to appreciate my supervisor, Professor Brian J. Monaghan for 
continuous direction, guidance and encouragement throughout this project. 
Brian helped me to learn how to think specific and inclusive on scientific ideas 
and issues. I also would like to thank Brian for providing financial support during 
my study.  
 
I am very thankful of my co-supervisors, Assistant Professor Neslihan Dogan 
and Associate Professor M. Akbar Rhamdhani for the productive discussions 
we had on my study. Neslihan helped me very well to settle down and start my 
study and, made great scientific contribution. Akbar made a very high scientific 
contribution too and was always motivating and encouraging. 
 
I would like to express special thanks to Dr. Raymond J. Longbottom for his 
continuous help and guidance in the laboratory. Ray also spent plenty of time 
offering me useful ideas and suggestions, and helping me analysing and 
discussing my results. 
 
I am very grateful to Dr. Michael Chapman for organising my analyses in 
BlueScope and contributing to my publications. I would like to thank Dr. Mark 
Reid for his assistance in my kinetic studies and I appreciate the help of 
Corentin Bourgeois in my wetting experiments. 
 
I would like to thank the help and assistance of Greg Tillman, Nick Mackie, Tony 
Romeo, Dr. Mitchell J.B Nancarrow, Andrew Scobie and other UOW technical 
staff in laboratories and workshops.  
 
xxix 
 
Very special and faithful thanks to my mother and father, my parents-in-law and 
all my relatives and friends for their invaluable emotional support and 
continuous prayers for me.  
 
Finally and most significantly, special thank and appreciations to my wife 
Samaneh, my son Mohammad Sadeq and my daughter Mobeena. Samaneh; 
who for without her patience, understanding and support I could not have 
committed to the project, and my kids who tolerated their often busy dad.   
 
I am grateful for the financial support of the University of Wollongong and 
BlueScope Ltd., without which this project would not have been possible. 
1 
 
1. Introduction  
Steel cleanness is an important and growing research area due to increasing 
demand on production of high quality steels. Non-metallic inclusions content in 
steel is a key criterion to assess steel cleanness. Therefore, minimising and 
controlling the inclusion content in steel is critical for achieving steel cleanness.  
 
Inclusions in steel are formed through steel deoxidation, refractory erosion 
and/or corrosion as well as slag and mould flux entrainment and solidification 
products. They adversely affect productivity through nozzle clogging and have a 
negative impact on the physical properties of the steel. Strategies for minimising 
inclusion content range from preventing inclusion formation through process 
control/good housekeeping during steelmaking to optimising process conditions 
to remove the inclusions that formed. 
 
Inclusion removal from liquid steel is achieved through reaction with a liquid 
oxide phase (slag). For efficient inclusion removal the process conditions must 
be optimised to promote the chance of contact between the inclusion and slag, 
transfer of inclusion across the steel-slag interface and fast inclusion dissolution 
in slag [1, 2]. 
 
The transfer of inclusions across the steel-slag interface is an interfacial 
tension/dynamic wetting driven process [3-5]. This is probably the least 
understood step in inclusion removal process [2, 6]. The transfer process is 
favoured when the contact angle ( ) for the steel-inclusion is greater than 90° 
(non-wetting) and when this contact angle is greater than   for the inclusion-
slag (                 >                ) [6]. 
 
While the significance of slag-inclusion phase wetting/interfacial tension is 
recognised, limited data are available in the literature. Wetting and interfacial 
tension of a range of CaO-Al2O3-SiO2 liquid slags on solid substrates of alumina 
has been studied by Choi and Lee [7] using a sessile drop technique. They [7]  
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found that as a general trend, increase of acidic reagents such as alumina1 in 
slag increased the   and the interfacial tension (lessening wetting) between the 
slag and alumina.  
 
Once the inclusion is across the steel-slag interface it must dissolve in the slag. 
An understanding of the kinetics of how an inclusion dissolves in the slag will 
aid and inform strategies on how to change slag composition to remove 
inclusions. 
 
The kinetics of inclusion dissolution in slag has been studied primarily from the 
viewpoint of refractory erosion where a rotating rod or cylinder immersed in slag 
and the rate governing mechanism was identified. In these studies [8-12], the 
mechanism of reaction has been found to be mass transfer of the dissolving 
species in the liquid slag. More recently, the high-temperature laser scanning 
confocal microscope (LSCM) has been introduced that enables the possibility of 
in situ observation of particle dissolution in slag.  
 
The key advantages of the LSCM technique compared to the traditional 
technique (dissolution of bulk refractories) are (1) LSCM allows continuous in 
situ observation as opposed to analysis of quenched samples, (2) the ratio of 
dissolving species volume to solvent slag volume is very small and is of the 
order of 1 to 3000 on a mass basis [13]. This is comparable to the real condition 
in steel refining process and (3) allowing the dissolution reaction to take place 
with no significant change in the slag bulk composition. The results of LSCM 
studies [13-15] have been found to be broadly consistent with the refractory 
erosion and rotating rod studies. 
 
Given the little work conducted on the wettability/reactivity of inclusions with 
slag and to obtain kinetic data on inclusion dissolution this study was carried out 
with the following primary aims: 
 
 1 Although Al2O3 may behave as an acidic component, it is frequently describe as amphoteric 
with a 4- and 6- coordination values. 
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 Measurement of the dynamic wetting/interfacial tension of steel refining 
slags on/with typical solid oxides representing steelmaking inclusions. From 
these data the efficiency of different slags for inclusion removal will be 
assessed and removability of inclusions using each slag will be ranked. 
 Fundamental understanding of the dissolution kinetics of oxide inclusions in 
slag (i.e. establishing the rate-controlling step of dissolution). 
 
The main objectives of this study were 
a) To obtain wetting measurements for a range of CaO-Al2O3-SiO2-(MgO) 
steelmaking slags on solid substrates of ceramic oxides representing 
inclusion phases found in steel 
b) To model the wetting and spreading behaviour of liquid slag on substrate 
representing inclusion 
c) To evaluate the interfacial tension for liquid slag-solid oxide systems from 
sessile drop wetting measurements 
d) To evaluate the phase stability and reactivity of the liquid slag-solid oxide 
systems studied through thermodynamic modelling 
e) To establish the rate-controlling mechanism and dissolution kinetics of 
inclusion dissolution reaction in slags studied 
 
The research outcomes will be used to aid optimisation of the steel refining 
process conditions for promoting inclusion removal. 
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2. Literature Review 
2.1. Inclusions in Steel 
Inclusions are non-metallic particles in steel. They cause problems in liquid 
steel processing and are generally considered to be deleterious to a steel’s 
physical properties [1]. 
 
2.1.1. Inclusions Sources 
Inclusions can form from a wide range of sources in steelmaking process. 
Listed below are the principal sources of inclusions [1, 2, 16, 17]. 
 Deoxidation product  
Liquid steel deoxidation is required to lower its soluble oxygen levels, [O], to 
values lower than the solubility level of solid steel. If [O] is greater than the 
solubility level on casting, the steel and its alloying elements will oxidise. 
Deoxidation is carried out by reacting [O] with elements that have a high 
oxygen affinity to form an oxide. This oxide is usually then removed to the 
gas or slag phase prior to casting.    
 Reaction with slag 
Inclusions can form as a result of the reaction of the steel with slag; e.g. 
MgO in slag can be reduced by the aluminium in solution in the steel, [Al], to 
form a spinel or alumina inclusion.  
 Reaction with refractory 
Similar to the reaction between liquid steel and slag, steel reaction with 
steelmaking refractories can cause inclusion formation.  
 Reaction with atmosphere 
If the liquid steel comes into contact with the atmosphere prior to casting 
then there is the possibility of the iron or its alloying elements oxidising and 
forming inclusions. 
 Temperature and solidification effects  
Inclusions may also form during solidification. Solidification is a non-
equilibrium process. During solidification the liquid can become enriched 
with solutes above a critical level for  precipitation  of  reaction  (inclusion)  
products. Oxides, sulphides and some oxysulphides are typical products. 
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 Other 
Refractory degradation and slag or mould flux entrainment can also be a 
source of inclusions. These inclusions usually result from issues relating to 
plant maintenance or poor process control. The inclusions resulting from 
refractory degradation are usually macro inclusions and are generally more 
harmful. 
 
2.1.2. Inclusion Removal/Modification 
Inclusions are removed from/modified in steel to produce clean steel. The 
general principles of inclusion removal and inclusion modification are explained 
in this section.  
 
2.1.2.1. Removal 
Inclusions are generally removed from liquid steel by reacting with slag. This is 
primarily achieved by optimising the process conditions to promote contact and 
reaction between the inclusion and slag [2]. In this regard, the following steps 
are applied. 
 Stirring  
The liquid steel is stirred usually by argon gas blowing to move the 
inclusions to the steel-slag interface and promote contact and hence 
reaction with the slag. The inclusion contact with the slag is brought about 
by general melt flow conditions, induction and/or bubble transfer to the 
interface. In bubble transfer to the interface, inclusions adhere to the gas 
bubbles and float to the steel-slag interface, then make contact with the slag 
[18, 19]. Stirring also promotes agglomeration of inclusions; this in turn aids 
their flow to the steel-slag interface to react with slag. 
             
 Modification to promote Inclusion Removal 
After contact with slag, the inclusions must bond to slag, pass through the 
steel-slag interface and dissolve in the slag phase. If this bond is weak, then 
local fluid conditions are likely to result in the shearing of the inclusion-slag 
bond. Thus, the inclusions will not pass through the interface and will be 
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retained in the steel. Slag and mould flux compositions may be optimised to 
absorb inclusions, and inclusion compositions can be modified to improve 
their reactivity/separation and dissolution in the slag phase. In particular, 
modifying inclusion composition so that they are liquid, aids their removal to 
the slag phase. 
 
2.1.2.2. Modification 
Modification of inclusions is also carried out to improve cast steel properties and 
process productivity, in particular non-clogging in continuous casting. Calcium 
injection is probably the most common inclusion modification approach. The 
aims of calcium treatment are often to form liquid inclusions or change the 
inclusion morphology such that they are less deleterious to the solidified steel. 
However, calcium metal with its low melting and boiling points of 850°C and 
1490°C respectively has a high vapour pressure, and is also an expensive 
metal. Hence Ca-Si or Ca-Fe compounds are usually used. The methods of 
modification are either injection of Ca-Si powder through a submerged lance to 
the melt with the help of a carrier gas, or wire feeding in which the reagent is 
covered in a metal sheath and continuously fed deep into the metal [2]. 
 
2.2. Thermodynamics of Inclusions 
Depending on the steel grade, and the raw materials and secondary refining 
processes used, there is a prohibitively wide range of inclusion types that can 
form. This review is limited to Al2O3, MgAl2O4, and CaO.Al2O3 inclusions. In this 
section, unless otherwise stated, oxides will be referred to as the Raoultian 
standard state, elements in solution in iron will be referred to as the 1wt.% 
standard state and gases will be assumed to be ideal. This being the case, the 
activities of the oxides are defined through Equation 2-1 [2]: 
                                       (2-1) 
where,    is the Raoultian activity coefficient and    is the mole fraction of 
species  . The activities of the elements in solution in iron are: 
                                                                                                                (2-2) 
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where,      is the mass% concentration of species   in solution in the steel and 
   is the Henrian activity coefficient which can be obtained using the dilute 
solution model for a liquid steel melt from Equation 2-3:  
      ∑   
 
                                                                                                     (2-3) 
In Equation 2-3,   
 
 is the interaction coefficient of element   on  . Values of   
 
 in 
liquid steel are given in Appendix I.  
 
2.2.1. Al2O3 Inclusions 
Alumina inclusions typically form as the result of deoxidation with Al or oxidation 
of liquid steel based on Equation 2-4 [2, 16, 17, 20-33]: 
                                                                                                       (2-4) 
The equilibrium constant of reaction 2-4 is defined as: 
              
      
   
        
                                                                                   (2-5) 
There are a number of Gibbs free energy equations to represent reaction 2-4 
[34-37]. For steelmaking conditions Equation 2-6 was recommended in the 
review by Hino and Ito [37]. Hino and Ito [37] based this recommendation on a 
thorough review of published thermodynamic data relating to steelmaking.  
                                               (2-6) 
 
Alumina inclusions may also form via the reaction of dissolved Al in liquid steel 
with solid oxides or the gas phase according to the following reactions. 
  Reaction of dissolved Al in liquid steel with MgO mostly supplied from 
refractory, but also possible from slag or impure deoxidiser (Equation 2-7), 
and with SiO2 from ladle glaze (Equation 2-8) [22, 23, 38]: 
                                (2-7) 
                                    (2-8) 
 Reaction of dissolved Al in liquid steel with CO from the oxidation of carbon 
according to the Equation 2-9 [37]: 
8 
 
                               (2-9) 
The equilibrium constant for Equations 2-7 to 2-9 is defined by Equations 2-10 
to 2-12 respectively: 
              
             
 
            
    (2-10) 
              
      
        
 
     
        
   (2-11) 
              
            
 
   
        
 
   (2-12) 
The Gibbs free energy of the Equations 2-7 and 2-8 is given in Equations 2-13 
and 2-14 respectively [23, 39]. The Gibbs free energy of Equation 2-9 has been 
calculated from the reference [37] and is given in Equation 2-15. 
                                                  (2-13) 
                                                 (2-14) 
                                              (2-15) 
 
2.2.2. CaO.xAl2O3 (CAx) Inclusions 
Calcium aluminate inclusions form in Al-killed steel during Ca-treatment based 
on Equation 2-16 [2, 16, 40-50]. 
     (  
 
 
)                 
 
 
      (2-16) 
A range of calcium aluminates may form depending upon the concentration of 
[Ca], (Al2O3), [O] and [Al] in the following sequence: 
                                                              (2-17) 
The possible reactions for the formation of calcium aluminates are given in 
following equations [51-53]. 
     
  
 
                       
 
 
                                                       (2-18) 
                                (2-19) 
     
 
 
                       
 
 
       (2-20) 
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                              (2-21) 
     
 
 
                      
 
 
      (2-22) 
                                      (2-23) 
                                         (2-24) 
The Gibbs free energy of Equations 2-18 to 2-24 is given in Equations 2-25 to 
2-31 respectively [51-53]. 
                                                    (2-25) 
                                                    (2-26) 
                                                       (2-27) 
                                                       (2-28) 
                                                   (2-29) 
                                                       (2-30) 
                                                          (2-31) 
The CaO-Al2O3 phase diagram showing the phase stability of the different 
calcium aluminate phases is depicted in Figure 2-1. 
 
 
Figure 2-1: The phase stability diagram of the CaO-Al2O3 [54]. 
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Amongst all calcium aluminates, CA (CaO.Al2O3) and C12A7 (12CaO.7Al2O3) 
have the lowest liquidus temperature. Steelmakers tend to aim to produce these 
phases as they are easier to remove from the steel and cause fewer problems 
with cast steel. Should liquid inclusions form as a result of the Ca-treatment, 
then thermodynamic data expressed as activities of liquid CaO and Al2O3 in 
CaO-Al2O3 binary melts have relevance. Data for the CaO-Al2O3 system at 
1600°C are given in Figure 2-2. This system is in equilibrium with molten iron 
[55]. Details of more studies on CaO and Al2O3 activities that have been carried 
out based on slag composition, are presented in Table 2-1.  
 
 
Figure 2-2: Activity of CaO ( ) and Al2O3 ( ) in CaO-Al2O3 melts at 1600°C [37]. 
 
Table 2-1: Comparison of activities in the molten range of a CaO-Al2O3 system 
at 1600°C (sat. denotes saturated). 
Reference [56] [51] [57] [58] 
Slag                                                                         
CaO-sat. 1 0.0065 1 0.005 1 0.1 1 0.005 
56%CaO 0.810 0.011 - - 0.72 0.02 0.6 0.012 
50%CaO 0.526 0.0267 0.34 0.064 0.53 0.027 0.36 0.038 
45%CaO 0.270 0.07 - - 0.30 0.08 0.14 0.13 
40%CaO 0.18 0.15 - - 0.18 0.17 0.11 0.25 
CA-sat. 0.85 0.296 0.11 0.3 0.05 0.61 0.05 0.5 
 
Based on the thermodynamic data, the phase stability diagram of the [Al]-[Ca] 
has been evaluated to assess the conditions that result in the formation of 
inclusions. 
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The composition of liquid steel, which satisfies the Al and Ca deoxidation 
equilibria has been obtained numerically by assuming the equilibrium of liquid 
steel with CaO-Al2O3 slag or inclusion. An example is given below: 
  The activity of Al2O3 at the desired composition of CaO-Al2O3 slag or 
inclusion is first determined from Figure 2-2. The Ca and Al concentrations 
that satisfy Al deoxidation equilibrium are solved numerically at the assumed 
dissolved oxygen concentration. 
  In a similar manner, the Ca and Al concentrations that satisfy Ca deoxidation 
equilibrium are solved numerically at the CaO activity determined at the 
same inclusion composition and assumed oxygen concentration. 
  The relation between [%Al] and [%Ca] obtained in the above process is 
plotted (see Figure 2-3). The composition ([%Al], [%Ca] and assumed [%O]) 
on the intersection of each line gives the composition of molten steel in 
equilibrium with the CaO-Al2O3 inclusion. 
  The above procedure is repeated in the oxygen concentration range from  
10-5 to 10-2 mass%. 
Figure 2-3 can be used to establish the steel composition that results in liquid 
calcium aluminate inclusions. 
 
 
Figure 2-3: Phase stability diagram of the [Al]-[Ca] [37]. 
 
Calcium aluminate inclusions may also form in reaction with CaS, according to 
the reactions given in Equations 2-32 to 2-35 [59]: 
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                                       (2-32) 
                                                (2-33) 
                                             (2-34) 
                                                   (2-35) 
 
2.2.3. MgAl2O4 Inclusions 
Alumina magnesia spinel (MgAl2O4) inclusions typically form based on co-
deoxidation with Al and Mg according to Equation 2-36 [52, 60-62]. 
                              (2-36) 
The equilibrium constant for this reaction is defined as:  
               
         
              
  (2-37) 
There are a number of Gibbs free energy equations to represent reaction 2-36 
[37, 51, 60, 61, 63-65]. For steelmaking conditions, Equation 2-38 was 
recommended in the review by Hino and Ito [37]. 
                                                          (2-38)    
 
The values of activity of MgO, Al2O3 and solid MgAl2O4 with respect to pure 
stoichiometric solids in spinel solid solution at 1600°C have been investigated 
by Fujii et al. [61]. The values can be seen in Figure 2-4. 
 
  
Figure 2-4: Activities of MgO, Al2O3 and solid MgAl2O4 with respect to pure 
stoichiometric solids in spinel solid solution at 1600°C [61]. 
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The phase stability diagram of spinel formation in liquid steel was evaluated by 
assuming an ideal solid solution behaviour of spinel; however, recent studies 
[52, 60, 61] showed that stoichiometric spinel exhibits a negative deviation from 
ideal. Based on this, the phase stability diagram of spinel formation has been 
presented as shown in Figure 2-5.  
 
 
 
Figure 2-5: Phase stability diagram of MgO, spinel solid solution and Al2O3 in 
liquid steel as a function of [%Al] and [%Mg], in addition to iso-oxygen contour 
lines calculated at 1600°C [52]. 
 
Phase equilibria in MgO-spinel, Al2O3-spinel or the MgO-Al2O3 systems near 
steelmaking temperature have been studied previously [28]. Spinel has a wide 
solid solution range and contains a range of Al2O3 in its structure, as shown in 
Figure 2-6.  
 
 
Figure 2-6: Phase diagram of MgO-Al2O3 system [28]. 
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Spinel inclusions may also form based on the reaction of liquid steel with 
refractory and/or slag and based on the following possible stages [38, 39, 49, 
52, 66-76]. 
 Reaction between dissolved Mg and dissolved Al deoxidiser through 
Equation 2-39 [38, 52, 66, 67, 75]. 
                                     (2-39) 
  Reaction between deoxidation products of Al2O3 and dissolved Mg via 
Equations 2-40 and 2-41 [52, 66, 71, 73]. 
                                                                                    (2-40) 
                                                                                           (2-41) 
  Reaction between dissolved Al deoxidiser and solid MgO from refractory [52, 
73]. 
                                       (2-42) 
 
The equilibrium constant for Equations 2-39 to 2-42 is defined by Equations     
2-43 to 2-46 respectively:  
               
         
         
        
                                                                          (2-43)  
               
         
       
 
               
  (2-44) 
               
          
                   
    (2-45) 
               
          
            
        
  (2-46) 
The Gibbs free energy of spinel formation in Equations 2-39 to 2-42 is given in 
Equations 2-47 to 2-50 respectively [17, 52, 73]. 
                                                                                    (2-47) 
                                                   (2-48) 
                                                  (2-49) 
                                                 (2-50) 
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2.3. Wetting 
Inclusion contact to the slag phase and transfer across the steel-slag interface 
is strongly influenced by wetting and the interfacial properties of the inclusion-
steel/slag [3-5, 77-79].  
 
Inclusion removal is primarily achieved by optimising the process conditions to 
promote contact and reaction between the inclusion and slag [2]. Efficient 
inclusion removal from steel is achieved when the inclusions contact the slag 
phase, leading to bonding and ultimately transfer from the liquid steel phase to 
the slag phase. 
  
Transfer of inclusions across the steel-slag interface is probably the least 
understood step in inclusion removal [2, 6, 80]. This is favoured when the 
contact angle ( ) for the steel-inclusion is greater than 90° (non-wetting) and 
when this contact angle is greater than   for the inclusion-slag ( steel-inclusion > 
 slag-inclusion) [6]. 
 
2.3.1. Basic Definitions and Effective Parameters on Wetting 
2.3.1.1. Wettability 
The shape of a liquid drop on the surface of a solid gives an indication of 
wettability of the surface by the liquid [81]. If a liquid drop is positioned on a 
solid surface, it will either form a thin uniform thickness film on the surface, 
indicating high wettability of the surface with liquid. Alternatively, it will spread to 
a certain extent but remain as a drop, representing low wettability of the surface 
with the liquid [82].  
 
2.3.1.2. Contact/Wetting angle ( ) 
The angle between the liquid-solid interface and the tangent to the vapour-liquid 
interface from the triple point (where solid-liquid, vapour-liquid and vapour-solid 
interfaces meet) is known as the contact/wetting angle ( ). A liquid phase is 
defined to be wetting if   is less than 90°, and non-wetting if   is greater than 
90° (see Figure 2-7) [82-84]. 
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  (a) 
 
   (b) 
Figure 2-7: Schematic representations of   for (a) wetting liquid, (b) non-wetting 
liquid [82]. 
 
2.3.1.3. Interface 
Interface is an area between two distinct phases in contact where the intensive 
properties change from one phase to the other; for instance, between a 
contacting liquid and solid phase [81]. 
 
2.3.1.4. Interfacial tension 
Molecules in the bulk of a material are surrounded by other molecules and as a 
result, the net force resulting from attractive forces of neighbouring molecules is 
zero. At the surface or interface of a material, the molecules are not completely 
surrounded by other molecules, which leads to a net force normal to the 
interface that pulls the molecule back into the bulk of the material. The force 
that pulls interfacial molecules into the back material creates a tension along the 
length of the interface. Thus, interfacial tension is defined as the force acting 
normally to the interface per unit length of the interface (N/m) [81]. 
 
In a three-phase system consisting of a contacting solid, liquid and another 
condensed phase (gas or liquid), if the liquid does not completely cover the 
solid, the interfacial tensions between the three phases result in a geometry 
shown in Figure 2-8 and a summation of the interfacial tension results in 
Young’s equation (Equation 2-51).  
 
 
Figure 2-8: Schematic representation of the contact angle between a liquid 
droplet and a solid substrate.  
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  (2-51) 
where   V,  LV and  L  are the interfacial tensions between the solid-vapour, 
liquid-vapour and liquid-solid respectively [82]. 
 
Young’s equation can be used for the calculation of  L , using the measured 
values of  ,  LV and   V. However, application of Young’s equation for the 
calculation of  L  in liquid slag-solid oxide (inclusion) systems is not without 
difficulty as values for the   V and  LV are not always readily available. This is 
discussed in section 2.3.3. 
 
2.3.1.5. Work of adhesion 
Work of adhesion,  , is a measure of the energy change (per unit area) on 
separating the two media at a liquid-solid interface, and is defined by the Dupré 
relation as given in Equation 2-52 [82]: 
   LV    V   L   (2-52) 
where  LV   V and  L  are the interfacial tensions per unit area of the 
respective interfaces. The Dupré relation shows that the lower the  L  relative to 
the sum of the other two interfacial energies, the greater the work of adhesion 
(i.e. stronger bond) between the liquid and solid phases.   can also be 
obtained from a consideration of Dupré and Young’s equations given in 
Equation 2-53 [82]. 
   LV                                                                                               (2-53)  
 
2.3.1.6. Methods of wetting measurement 
The sessile drop technique is the most common technique developed to 
measure wettability parameters such as   and interfacial tensions [81, 85]. 
However, wetting may also be measured qualitatively using the water break test 
[86], dyne pen test [86] and other methods [83]. 
 
The sessile drop measurement is carried out in various forms, shown 
schematically in Figure 2-9.  
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Figure 2-9: Methods of conducting sessile drop experiments: (a) classic 
technique (b) in situ formation of an alloy, (c) dispensed drop, (d) transferred 
drop, (e) double substrate and (f) tilted plate [85]. 
 
Figure 2-9 (a) is the most common configuration used. It is this configuration 
that has been most often used for liquid oxide-solid measurement of   and 
liquid oxide-vapour interfacial tension. 
 
The weakness of the sessile drop in configuration Figure 2-9 (a) is that there is 
the possibility of a significant interaction of the solid and liquid on heating up to 
the experimental temperature. This can be overcome if the liquid and solid are 
heated separately and only brought together once the experimental temperature 
is achieved. 
 
The configuration shown in Figure 2-9 (c) has also been used for measurement 
of   in liquid oxide-solid oxide systems. In this approach, the liquid is achieved 
in an un-wetted and chemically inert closed ceramic tube. The liquid is placed 
on the surface of the substrate through a small hole in the tube and by 
deploying a back pressure of an inert gas. This approach is not simple and is an 
expensive technique.      
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2.3.1.7. Effect of substrate roughness on wetting 
The surface roughness of the solid substrate influences the wetting 
characteristics from two aspects [85, 87, 88]: 
 Increasing the actual surface area of the substrate: the ratio of actual area to 
the planar area for a rough surface is > 1.  
 Pinning of the triple line by sharp edges: a sharp edge can pin the triple line 
at positions far from what is a stable equilibrium. 
 
Derivation of Young’s equation is based on the assumption that the surface of 
the solid in contact with the liquid is perfectly smooth, and to emulate this 
condition, the surface of substrates used in sessile drop experiments are 
usually highly polished. In many practical situations however, the surface 
cannot be considered smooth and consequently the true area      of contact 
between the liquid and solid interfaces will differ from the apparent contact area 
    , based on the assumption of a smooth surface.  
 
In general, provided there is no gas trapped in the interstices at the interface, 
     . From the consideration of the effect of changes in surface energy (due 
to differences in surface roughness) on the adhesion tension between a sessile 
drop and a solid substrate, Wenzel [87] derived a simple relation for the 
observed or apparent contact angle      on a rough surface and the angle 
found with a perfectly smooth surface of the same solid      as given in 
Equation 2-54: 
                (2-54) 
where   is the surface roughness factor (  1) and is defined by Equation 2-55. 
  
  
  
  (2-55) 
The Wenzel’s equation (Equation 2-54) predicts that the observed   for 
wetting/non-wetting systems will decrease/increase with an increase in   value. 
Huh and Mason [89] have also studied the effect of substrate roughness on   
using a mechanistic model and have confirmed the Wenzel’s equation. 
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Verification of the Wenzel’s relation has been provided in a range of studies for 
the wetting of liquid metals on solid oxides/ceramics [90-92]. It has been shown 
that   decreases when substrate surface roughness increases.  
 
2.3.1.8. Effect of substrate porosity on wetting 
Porosity may be used as a coarse measure of substrate surface roughness. 
Effect of substrate porosity on wetting is broadly dependent on the wettability of 
substrate. Samsonov et al. [93] found that for non-wetting systems, the porosity 
of the substrate up to 35% has little effect on  . Humenik and Kingery [94] have 
also reported that for non-wetting systems, substrate porosity up to 10% has 
little effect on  . For wetting systems ( <90°) however, there is a marked 
decrease in   with any increase in porosity beyond ~7% but not so for below 
~7% as can be seen in Figure 2-10 for liquid Ni spreading over a ZrC substrate.  
  
 
Figure 2-10: Variation of   with substrate porosity for liquid Ni-solid ZrC system 
at 1500°C [93]. 
 
2.3.1.9. Effect of temperature on wetting 
Generally, an increase in temperature will increase both the work of adhesion, 
 , and the wettability, the magnitude of the resultant changes being dependent 
to a large extent on whether chemical reactions take place at the interface. 
Systems in which chemical reactions occur are often characterised by a wetting 
threshold temperature, above which both wettability and adhesion rapidly 
increase [83].  
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2.3.2. Wettability of Inclusions 
There are a range of wetting data for liquid ferrous melts-solid oxides/ceramic 
systems in the Slag Atlas [83] and other references [95-102]; however little data 
were found for liquid oxides (slag)-solid oxides in the literature.  
 
Nakashima et al. [103] reviewed the limited wetting data available for liquid 
slag-refractory systems [104-106] while Shen et al. [107] studied wetting of a 
single slag in a SiO2-MnO-TiO2-FeOx system on Al2O3 and MgO substrates at 
1200°C. A summary of the data reviewed by Nakashima [103] and that obtained 
by Shen et al. [107] is given in Table 2-2. In this table, the   values represent 
the final contact angle for the systems studied. It can be seen in Table 2-2 that 
some of these data are not for steelmaking slags and temperature ranges. 
 
Table 2-2: Contact angle between liquid slag and refractories [103, 107]. 
Slag type (where applicable in mass %) Refractory type T (°C)   (°) 
70FeO-30SiO2 Al2O3 1250 <10 
FeO-MnO-CaO-SiO2-Al2O3 Al2O3 1500 <10 
CaO-SiO2-Al2O3 MgO 1400 9-32 
37.8SiO2-44.3MnO-11.4TiO2-5.6FeOx 
Al2O3 
1200 
11 
MgO 9 
 
More recently, Choi and Lee [7] conducted a comprehensive study on the 
wettability of Al2O3 substrate with a range of CaO-Al2O3-SiO2 slags using a 
sessile drop technique similar to that explained in Figure 2-10 (c). In terms of 
wetting with changing slag composition, Choi and Lee [7] found that: 
 for low SiO2 content slags, the greater the CaO/Al2O3 ratio the greater the 
wetting (lower  )  
 for slags of constant CaO/SiO2 ratio, the higher the Al2O3, the lower the 
wetting (greater  ) 
 for slags of constant CaO/Al2O3 ratio, the variation of   with SiO2 content 
was minimal.  
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Choi and Lee [7] have also successfully modelled the wetting behaviour of slag 
on alumina substrate. The Choi and Lee model is given in Equation 2-56:  
                        
            
           
                 (    )  
(2-56) 
where,    is the contact angle at    ,       
  is the contact angle at    ,       
  
is the equilibrium contact angle between initial slag and substrate,   is constant, 
  is related to the surface tension and viscosity of the liquid drop and   is 
related to surface roughness of the solid substrate. This model is based on the 
Schroeder spreading model [108] given in Equation 2-57.  
                         (   
 )                  (2-57) 
 
The primary modification by Choi and Lee [7] on the Schroeder model [108] was 
an added term that deals with the change in equilibrium contact angle with time 
as a result of the reaction between the slag and substrate. 
 
The effect of surface roughness of the alumina substrate has been also studied 
by Choi and Lee [7]. They found that   decreases by increasing substrate 
roughness (increase of Wenzel’s ratio) as can be seen in Figure 2-11. This is 
consistent with the concept of Wenzel’s equation detailed in section 2.3.1.7. 
 
 
Figure 2-11: Effect of substrate surface roughness on  ; the        
  and       
  
denote the equilibrium   of initial slag on a perfectly smooth surface and 
equilibrium   of initial slag on a rough surface respectively [7]. 
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2.3.3. Interfacial Tension in Liquid Slag-Inclusion Phase Systems 
There are a range of interfacial tension studies for liquid iron-liquid slag [101, 
109-118], liquid iron-solid oxide/ceramics [119] and liquid slag-solid steel [120] 
systems. However, limited data were found for  L  in liquid slag-solid oxide 
(inclusion phase) systems [7, 121]. This is due to difficulties in the application of 
Young’s equation in terms of available data for   V and  LV (see section 
2.3.1.4).  
 
Nakajima [122] reviewed the available data   V on simple oxides (Al2O3, MgO, 
SiO2 and CaO) [123, 124] and recommended values. However, no data were 
found for more complex oxides such as MgAl2O4 spinel and CaO.Al2O3. The   V 
value for complex oxides may be obtained using a law of mixing approach for 
complex oxides based on a single oxide, as given in Equation 2-58: 
  V                 V          V                                                                  (2-58)   
where   is the mole fraction representing the simple oxide ( ,  ,…) in the 
complex oxide and   V is the associated interfacial tension of the single oxide ( , 
 ,…). 
 
Additionally, Mishra and Thomas [125] calculated the   V value for a number of 
plane families in a spinel single crystal using phenomenological and atomic 
models, as given in Equations 2-59 and 2-60 respectively: 
  V  
   
   
  (2-59) 
  V    V
     V  (2-60) 
where   is the elastic (Young’s) modulus normal to the plane under 
consideration,   is the normal space between the two internal surfaces and   is 
the maximum space between the surfaces prior to separation. In Equation 2-60, 
  V
  is the sum of the energy of the solid surface when the ions are held rigidly, 
similar to that of the bulk, and    V is a correction term that accounts for the 
relaxation associated with the surface. 
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The  LV value for a range of slags including steelmaking-like slags is given in 
the Slag Atlas [126]. Figures 2-12 and 2-13 show the  LV value for a range of 
CaO-Al2O3-SiO2 and CaO-Al2O3-SiO2-MgO slags respectively.  
 
 
Figure 2-12:  LV (mN/m) for liquid slags in a CaO-Al2O3-SiO2 system [126].  
 
 
Figure 2-13:  LV (mN/m) for liquid slags in a CaO-Al2O3-SiO2-MgO system [126]. 
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Also, models have been developed for the estimation of  LV for liquid slags 
including the NPL (National Physical Laboratory) Slags Model [127] and the 
Choi and Lee  LV model [128]. Much of the  LV data reported in the Slag Atlas 
[118] are used in the development and validation of the NPL Slags Model. See 
Appendix II for consideration of the NPL Slags Model. 
 
The Choi and Lee research [7] was the only relevant attempt for the calculation 
of  L  for liquid slag-solid oxide systems that was of interest in this study. Using 
  data obtained for liquid slag-alumina substrate in their study [7], Choi and Lee 
calculated  L  in this system through Young’s equation. The results are shown 
in Figure 2-14. They found that the lower the  L , the lower the   (higher 
wetting). This is consistent with Young’s equation (Equation 2-51). 
 
 
Figure 2-14: Interfacial tension  L  (mN/m) between CaO-Al2O3-SiO2 slags and 
Al2O3 substrate at 1600°C by Chio and Lee [7]. 
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2.4. Kinetics  of Inclusion Dissolution in Slag 
Knowledge of the kinetics of inclusion dissolution in slag is critical in 
understanding the influence of parameters such as slag composition/basicity on 
inclusion dissolution.  
 
Once the reaction mechanism is identified, it is possible to separate out physical 
and thermodynamic factors that may affect the dissolution kinetics. The rate at 
which the inclusions dissolve in the slag is also a key parameter if predictive 
models are to be developed that quantitatively describe inclusion removal from 
steel [2].  
 
Prior to reviewing the previous studies on dissolution kinetics of inclusions, the 
principles of the shrinkage core model (SCM) [129] and different approaches for 
determination of the rate-controlling step using this model are addressed. The 
SCM [129] has been widely used for inclusion dissolution measurement in slag. 
 
2.4.1. Shrinkage Core Model (SCM) for Measurement of the Kinetics 
of Inclusion Dissolution in Slag 
This model assumes first order kinetics. Based on the model, the inclusion 
dissolution reaction can be represented by Equation 2-61:  
                (2-61) 
where   is liquid slag,   is the dissolving/shrinking spherical particle and   is the 
dissolved particle in solution (not as a structure but a molar mass) in slag. 
 
For this reaction there are two important reaction steps: 
 Chemical reaction at the unreacted core  
 Mass transfer of the diffusing species through the boundary layer 
 
Concentration gradients using a shrinking spherical particle in the SCM for 
chemical reaction and mass transfer controls are illustrated as shown in Figure 
2-15 (a) and 2-15 (b) respectively [129]. 
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               (a)  
 
                             (b) 
Figure 2-15: Representation concentration of reactants for a shrinking particle 
when (a) chemical reaction and (b) mass transfer are the rate-controlling 
mechanisms.   ,    and    are the concentration of liquid slag   at the 
boundary layer, at the surface of the dissolving particle and at the initial core 
surface, respectively (after [129]). 
 
The conversion-time expressions for the different rate-controlling steps in 
Stokes regime are presented in Table 2-3 by defining the time for complete 
conversion of the particle,   (see section 2.4.1.1 for details of the Stokes 
regime). 
 
Table 2-3: Representation of conversion-time expressions in the SCM for 
chemical reaction and mass transfer mechanisms.  
Controlling step   conversion-time expressions Equation Number 
Chemical 
reaction 
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In these equations,   is time,    is molar density of the particle,   is the diffusion 
coefficient of dissolving species through the boundary layer,    is the chemical 
reaction rate constant,   is the stoichiometric coefficient of particle   in Equation 
2-61,   is the particle radius at time  ,    is the particle radius at time zero,    
term is the driving force for reaction in molar units and    is the fractional 
dissolution of the particle which is obtained via Equation 2-70: 
     (
 
  
)
 
                                                                                              (2-70) 
where   and    are particle radii at time   and time zero respectively. 
  
2.4.1.1. Stokes regime  
Stokes regime is a special dynamic regime. This regime is achieved when 
treating flows of very small velocity in which viscosity forces dominate the 
dynamics. The criteria for the Stokes regime is a Reynolds number  1. The 
Reynolds number (  ) is defined via Equation 2-71 [129]: 
   
    
 
                                                                                                      (2-71) 
where   is the fluid flow speed around the particle,   is slag viscosity,   is the 
particle radius and   is slag density. 
 
2.4.1.2. Evaluation of the rate-controlling mechanism in SCM 
The rate-controlling step in the SCM can be evaluated using a range of factors. 
These are detailed in the following sections.  
 
 Time  
Figures 2-16 shows the predicted progressive dissolution of spherical solids for 
the different rate-controlling mechanisms using the SCM. Results of 
experimental data compared with these predicted curves can be used to 
indicate the rate-controlling step. 
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   (a) 
 
      (b) 
Figure 2-16: Progress of reaction of a spherical particle with surrounding fluid 
measured in terms of time for complete reaction (a) with respect to the change 
in radius and (b) with respect to dissolution conversion [129]. 
  
 Temperature 
The chemical reaction step is usually a stronger function of temperature than 
that of the mass transfer step. Generally at higher temperatures, chemical 
reaction is less likely to be rate-controlling and mass transfer is more likely to be 
rate-controlling.  
 
 Particle initial size and conversion 
The SCM can be useful to predict the time needed to achieve the same 
fractional dissolution for particles of different initial sizes in different kinetic 
mechanisms. The criteria for chemical reaction and mass transfer control were 
represented in Equations 2-65 and 2-69 respectively [129].  
 
By plotting      vs.     and determining gradient, these criteria can be applied to 
evaluate what is the rate-controlling mechanism. The mechanism would be 
chemical reaction if the gradient for      vs.     curve is 1 and would be mass 
transfer if the gradient for this curve is between 1.5 and 2. 
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2.4.2. Kinetic Studies of Inclusion Dissolution in Slag using Bulk 
(Macro-scale) Refractories 
Most kinetic studies on dissolution of inclusion have focused on bulk 
refractory/ceramic reactions with slag [10, 12, 130-143], and not inclusions 
directly. In these studies, a refractory material is dipped in slag and held for a 
period of time, removed, then analysed for slag corrosion and/or penetration. 
The dipped refractory sample may be static or rotated. A schematic of this 
technique is given in Figure 2-17. 
 
 
Figure 2-17: A schematic of the apparatus used in traditional inclusion 
dissolution kinetic studies [137]. 
 
In a single study by Cho and Fan [144] solid oxide powders were used as the 
inclusion phase; however, with the exception of the Cho and Fan study [144], all 
of these studies used large (macro) refractory samples and not micro-particles 
more representative of inclusion.  
 
From these studies [10, 12, 130-144] it was generally found that, for dissolution 
reaction to be first order kinetics, as represented in Equation 2-72: 
          
      (2-72) 
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where   is time,    is the rate constant and,      and      are concentrations of 
dissolving   at time   and time zero respectively. In these studies [10, 12, 130-
143] mass transfer in the slag phase has been found as the mechanism of 
dissolution. However, the difference in the scale of refractories used compared 
to the inclusions, casts some doubt on whether observations and dissolution 
data measured for macro-systems can be applied to microsystems [145]. 
 
2.4.3. Kinetic Studies of Inclusion Dissolution in Slag using a 
Laser Scanning Confocal Microscope (LSCM) 
In the recent studies on dissolution of inclusions, a high-temperature laser 
scanning confocal microscope (LSCM) [13, 14, 146-160] has been used. This 
offers possibilities of in situ analysis of the dissolution behaviour of inclusions in 
the liquid slag. 
 
Studies using the LSCM [13, 14, 146-160] have demonstrated that real-time 
observations of the dissolution process in the bulk of a slag can be made. The 
primary limitation is that the slag composition is one that is transparent to the 
interrogation laser used in the instrument. Using this method, it has been shown 
that dissolution investigations of macro-refractory systems are consistent with 
the general kinetic behaviour of micro-refractory (inclusion) systems. 
 
Kinetic studies to establish the rate-controlling step in the dissolution of 
inclusions have mostly focused on typical oxide inclusions, Al2O3 [13, 14, 146-
153] and MgAl2O4 [146, 150, 153, 154] dissolving in CaO-Al2O3-SiO2-(MgO) 
steelmaking slags. There are also a few works on MgO, ZrO2 and SiO2 particles 
[146, 149, 150, 153, 157]. The findings of the previous studies are summarised 
in Table 2-4. A more detailed explanation on the analyses conducted in 
selected/distinctive studies on the dissolution of alumina and spinel particles is 
also given. 
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Table 2-4: Summary of findings of LSCM studies on the rate-controlling 
mechanism of inclusion dissolution. 
Inclusion type T (°C) Mechanism of dissolution Reference 
Al2O3 
1430-1550 Mass transfer [14] 
1477-1577 Mass transfer [15, 152, 153, 155] 
1470-1530 Mixed control [146, 148] 
1450 Mass transfer [147, 150] 
1350-1500 Chemical reaction [150] 
1400 
Mass transfer  
(diffusion model approach) 
[151] 
1470-1630 
Mass transfer  
(diffusion model approach) 
[156] 
1450-1600 
Mass transfer  
(diffusion model approach) 
[159] 
MgAl2O4 
1470-1530 Mixed control [146] 
1350-1500 Chemical reaction [150] 
1477-1577 Mass transfer [153] 
1504 Mass transfer [154] 
MgO 
1470-1530 Mass transfer [146] 
1450 Chemical reaction [149] 
1350-1500 Chemical reaction [150] 
ZrO2 
1350-1500 Chemical reaction [150] 
1477-1577 No conclusion [153] 
SiO2 1450 
Mass transfer  
(diffusion model approach) 
[157] 
 
The analytical time-conversion test in the SCM (Figure 2-16) has been used in 
the determination of the rate-controlling step for dissolution of alumina and 
spinel [146-150, 160]. Through this analysis, a conflicting finding has been 
reported as can be seen in Table 2-4. 
 
Monaghan et al. [13, 154] have conducted a more detailed evaluation on the 
dissolution of alumina and spinel particles. They initially found that the 
application of simple analytical tests in the SCM for their results was not 
discriminating and that either mechanism could be argued to be the rate-
controlling mechanism. 
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If chemical reaction is rate-controlling and    in Equation 2-64 can be 
evaluated, then    would be independent of changing slag composition and 
would be a constant at constant temperature. Further, if mass transfer in the 
slag phase is rate-controlling and    in Equation 2-64 can be evaluated, then   
calculated would be inversely proportional to the viscosity of the slag [161].  
 
Monaghan et al. [13, 154] collected the required parameters in Equations 2-64 
and 2-68 and then evaluated the obtained   and    values. The obtained 
results showed that the calculated rate constant    changes by more than an 
order of magnitude when the slag composition has changed. This is not 
consistent with the chemical reaction being a rate-controlling step. However, the 
plots of   vs. slag viscosity (   showed that the   value is inversely proportional 
to slag  , supporting the case for the mass transfer to be the rate-controlling 
step. This can be seen in Figure 2-18 (a) and 2-18 (b) for alumina and spinel 
respectively.  
 
 
              (a) 
 
      (b) 
Figure 2-18: Plot of   vs. slag   for dissolution of (a) alumina and (b) spinel in 
different slags by Monaghan et al. [13, 154]. 
 
Generally in the literature, it has been found that the mechanism of dissolution 
of alumina and spinel particles is most likely mass transfer controlled. Other 
approaches focusing solely on diffusion [156, 157, 159] have also been applied.  
Feichtinger et al. [157, 159] developed a diffusion model based on Fick’s first 
and second laws [161] of diffusion which represented the dissolution curves of 
alumina. The model is given in Equation 2-73: 
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    √
 
   
     (2-73) 
where   is the radius of the particle,   is the diffusion coefficient,   is time,   is 
the dimensionless saturation and   is a factor which deals with the effect of slag 
viscosity. The parameter   is defined by Equation 2-74 [157, 159]: 
  
     
     
                                                                                                       (2-74) 
where,   ,    and    are the concentrations of diffusing species in the particle, 
in the slag at the slag-particle interface and in the bulk slag respectively.  
 
This model considers the effect of slag viscosity on the normalised dissolution 
patterns (subject of Figure 2-16). For slags with an infinitely high viscosity,  
   , turning to a S-shaped normalised dissolution pattern and for slags with 
infinitely low viscosity,    , turning a parabolic shape normalised dissolution 
pattern. The model has been successfully used to illustrate the dissolution 
behaviour of alumina particles in CaO-Al2O3-SiO2 slags.       
 
2.4.3.1. Errors associated with shape and radius assessment 
in LSCM studies 
Conflicting findings for the mechanism of oxides dissolution in the literature may 
be caused at least in part by the irregular shape of dissolving oxide particles. 
Research by Feichtinger et al. [157] and Michelic et al. [159] are the only 
studies in which oxide particles of a high precision spherical shape were used. 
In all other studies, irregular particles have been used that were assumed to be 
a spherical shape in the kinetic analysis. This would cause an error when the 
particle radius is measured. This error would a function of simple non-
spheroidicity and how the particle radius would be apparently changing on 
rotation.    
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2.5. Industrial Slag Compositions used in Inclusion Removal 
Synthetic slags are often used in inclusion removal. These slags have special 
chemical compositions with low activity of Al2O3 and contain very low FeO. 
Using these slags, the alumina inclusions floating up from the liquid steel can be 
absorbed in the top slag. Calcium-aluminate-based slags have been 
successfully used to absorb inclusions of deoxidised liquid steel [162-164].  
 
A range of chemical compositions of calcium-aluminate-based slags is used in 
industry. General features of synthetic slag for inclusion removal have been 
discussed in the literature [2, 165]. The key requirements of these slags are: 
 low melting point and high fluidity 
 low oxygen potential 
 capacity to absorb inclusions 
 
Given the listed criteria, a range of slag compositions can be used for inclusion 
removal using the CaO-Al2O3-SiO2 phase diagrams, given in Figure 2-19 [2].  
 
Deo and Boom [2] recommended the following compositions: 
 Slag I:  22CaO-16Al2O3-62SiO2   mass% 
 Slag II: 38CaO-20Al2O3-42SiO2   mass% 
 Slag III: 50CaO-43Al2O3-7SiO2      mass% 
 
These slags represent the lowest melting point and highest fluidity in different 
slag basicity ranges. 
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Figure 2-19: Equilibrium phase diagram of a CaO-Al2O3-SiO2 system [54]. 
 
From the thermodynamic point of view, for effective inclusion removal, the best 
practical results are achieved using slag III, as aluminium reaction with this slag 
composition is less.  
 
The activities of CaO, Al2O3 and SiO2 in this system are shown in Figure 2-20. 
The oxygen potential associated with the steel and slag is highly dependent on 
the steel composition. For a low alloy Al-killed steel a low oxygen potential is 
only possible around the composition of slag III. Based on a steelmaking 
temperature of 1600°C, 0.05% dissolved aluminium will lead to 8ppm oxygen in 
liquid steel; by using slag type III under the same conditions, the steel will 
contain 4ppm oxygen [2]. 
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(a) 
 
 
    (b) 
Figure 2-20: (a) Activities of CaO and Al2O3 and (b) Activity of SiO2 in a CaO-
SiO2-Al2O3 system at 1600°C [165]. 
 
As the exchange treatment with synthetic slag is expensive and time-
consuming, synthetic slag is usually recommended for special grades of steel 
only. The other trend that has emerged to promote inclusion removal is slag 
conditioning. Generally, the objective of slag conditioning is twofold [165]: 
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 To reduce the loss of soluble aluminium due to reaction with the top slag 
that is often rich in FeO. 
 To reduce the amount of inclusions thus produced by promoting their 
absorption. 
 
2.6. Data Section 
This section deals with data of the physical properties and structure of 
steelmaking slags. These data are required in the kinetic studies of inclusion 
removal and also for the evaluation of the significance of slag structure on its 
interfacial characteristics in contact with the inclusion phases. 
 
The physical properties of a range of slag compositions have been modelled by 
Mills in the NPL Slags Model [127]. This model can be used to represent the 
physical properties of a wide range of steelmaking slags. Details of the 
approaches/models used in the NPL Slags Model are given in the appendices. 
The physical properties of a range of slags can also be found in the Slag Atlas 
and are given in the following sections. 
 
2.6.1. Slag Density 
Densities of various types of slags have been studied and compared by Keene 
and Mills in the Slag Atlas [166]. Figures 2-21 and 2-22 give the density of 
calcium aluminate slags with different amounts of Al2O3, SiO2 and MgO. The 
effect of temperature on the density of calcium aluminate slags is shown in 
Figure 2-23. It can be seen that the slag density decreases with an increasing 
temperature. 
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             (a) 
 
            (b) 
Figure 2-21: Density of the CaO-Al2O3-SiO2-MgO slags including different silica 
content with (a) 5% Al2O3 and (b) 10% Al2O3 [166]. 
 
 
Figure 2-22: Density of the CaO-Al2O3-SiO2-MgO slags with different silica 
content [166]. 
 
  
Figure 2-23: Effect of temperature on density of CaO-Al2O3-SiO2-MgO slags 
[166]. 
30 40 50 
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2.6.2. Slag Viscosity 
Viscosity of a wide range of slags including CaO-Al2O3-SiO2-MgO slags has 
been reviewed by Mills [167]. The viscosity of CaO-Al2O3-SiO2 slags with 
different SiO2 content is shown in Figures 2-24 to 2-27. Also, the viscosity of 
CaO-Al2O3-SiO2-MgO slags with 10% MgO and, viscosity of CaO-SiO2 slags at 
1600°C and 1700°C are given in Figures 2-28 and 2-29 respectively. 
 
 
Figure 2-24: Iso-viscosity (poise = 10-1 Pa.s) contours for CaO-Al2O3-SiO2-MgO 
slags at 1500°C with 35% SiO2 [167]. 
 
 
Figure 2-25: Iso-viscosity (poise = 10-1 Pa.s) contours for CaO-Al2O3-SiO2-MgO 
slags at 1500°C with 40% SiO2 [167]. 
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Figure 2-26: Iso-viscosity (poise = 10-1 Pa.s) contours for CaO-Al2O3-SiO2-MgO 
slags at 1500°C with 45% SiO2 [167]. 
 
 
Figure 2-27: Iso-viscosity (poise = 10-1 Pa.s) contours for CaO-Al2O3-SiO2-MgO 
slags at 1500°C with 50% SiO2 [167]. 
 
 
Figure 2-28: Iso-viscosity (poise = 10-1 Pa.s) contours for CaO-Al2O3-SiO2-MgO 
slags at 1500°C with 10% MgO [167]. 
 
42 
 
 
Figure 2-29: Viscosity of CaO-SiO2 melts at 1600°C and 1700°C [167]. 
  
2.6.3. Slag Structure 
The physico-chemical properties of metallurgical slags are controlled by slag 
structure. Therefore it would be expected that the wetting behaviour of different 
slag compositions is at least in part affected/controlled by slag structure. In this 
section the methods of evaluating slag structure are reviewed and practical 
parameters for representing slag structure are introduced.  
 
Mills reviewed approaches to slag structure measurement and assessment 
[167]. There are many methods to evaluate slag structure; some are listed 
below: 
 Physical property measurements 
 Chromatographic separation of various polymeric units 
 X-ray and spectroscopic techniques 
 Development of “structural” thermodynamic models 
 Molecular dynamics (MD) calculations 
 
All of these methods have strengths and weaknesses/imperfections. The most 
common and practical uses in the metallurgical industries relate to slag basicity, 
 , (V-ratio or B-ratio), optical basicity,  , and NBO/T. The use of the V-ratio/B-
ratio is based on an easy to use definition of basicity, while the choice of   and 
NBO/T is due to convenience, simplicity of collection of the terms required in 
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them and their successful use in representing the structure of liquid slags. The 
V-ratio/B-ratio,   and NBO/T are detailed in the following subsections. 
 
2.6.3.1. Slag Basicity Ratio 
There are many indices to represent slag basicity. The simplest one that is used 
considerably by steelmakers is the V-ratio, given in Equation 2-75: 
  V        
    
     
    (2-75) 
However, the V-ratio does not take into account other slag constituents which 
are frequently present in steelmaking slags. For the calcium-aluminate-silicate 
slags used in the steel refining process, basicity is usually defined by the B-ratio 
given in Equation 2-76 [168]: 
           
    
            
  (2-76) 
 
2.6.3.2. Slag optical basicity 
Optical basicity,  , [167] is defined as the electron donor power of slag divided 
by the electron donor power of CaO and can be obtained using Equation 2-77: 
                      (2-77) 
where    is the optical basicity value of the single oxide and   is the equivalent 
cation fraction of each oxide. The values of    have been recommended in a 
review by Sommerville and Yang [169]. 
 
2.6.3.3. Non-bridging oxygen approach 
The       term is the number of non-bridging oxygen atoms divided by the 
number of tetrahedrally-coordinated atoms. It is widely used to represent the 
degree of depolymerisation of silicate-based slags.       is obtained using 
Equation 2-78: 
    ⁄     
   ⁄   (2-78) 
where    is the sum of network formers and    
  is the electrical charge balance 
of AlO4
4- and FeO4
4-. The term    is obtained via Equation 2-79: 
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   ∑                                      (2-79) 
where   is the mole fraction of various constituents e.g.     ,        and      , 
and   is the fraction of Fe3+ in (IV) coordination and that in (VI) coordination and 
is equal to zero for most iron and steelmaking slags. The    
  term in Equation 
2-78 is obtained via Equation 2-80:  
   
     
                    (2-80) 
where    
  is the total charge on network-breaking cations and is calculated 
through Equation 2-81: 
    
  ∑                                                 (2-81) 
where   is the mole fraction of single oxides. 
 
2.7. Summary 
In this literature review, it was found that there are much data on the 
thermodynamics of the formation of inclusions in liquid steel; however there are 
limited data on the inclusion wettability/reactivity with slag and the mechanism 
of inclusion dissolution in slag.  
 
Choi and Lee [7] studied slag wetting and liquid slag-solid oxide interfacial 
tensions for a range of steelmaking slags. Their study [7] however is limited to 
alumina substrate. While characteristics of the reaction interface between slag 
and the inclusion phase might offer opportunities to gain an insight into the 
reactivity of slag and inclusion, there is a lack of full characterisation for the 
slag-substrate reaction interface in the literature. Choi and Lee [7] have also 
modelled the wetting behaviour of slag on alumina substrate. There is a 
question as to whether their model can be extended/used for more slag-
substrate systems. The physical basis of the Choi and Lee model [7] also needs 
further understanding. It would be worthwhile to evaluate whether this model is 
capable of representing the physico-chemical properties of the slags or whether 
it is only a convenient approach to represent the wetting data. 
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Limited data found on the mechanism of oxides dissolution in slag (i.e. the rate-
controlling step of dissolution) have conflicting conclusions. The lack of robust 
information on the kinetics of dissolution compromised the full understanding of 
the effect of changing slag physical and thermodynamic properties on the 
inclusion dissolution process. This compromises the optimisation of process 
conditions to promote inclusion removal. Conflicting findings for the mechanism 
of oxide dissolution in the literature may be at least in part caused by the use of 
irregular shaped particles in the experiments that were assumed to be a 
spherical shape in the kinetic analysis. This would cause errors when the 
particle radius is measured. 
 
In summary, this literature review highlights areas of uncertainty in the rate-
controlling mechanism of inclusion dissolution in slag and the lack of the 
interfacial property data required to understand inclusion removal. 
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3. Experimental and Methodology 
The following approaches were used to investigate inclusion removal from steel,   
1. Dynamic wetting measurements of steel refining slags on selected inclusion 
types using the sessile drop technique. Key outputs from these 
measurements will be evaluation of wetting and interfacial effects that can 
be used to understand the transfer of the inclusion across the steel-slag 
interface, reaction at the inclusion-slag interface, work of adhesion 
assessment of reactivity and electro-optical characterisation of slag-inclusion 
interface. The data from these experiments were also used to evaluate the 
Choi and Lee model [7] on dynamic wetting behaviour of slag and generate 
interfacial tension data for the systems studied. 
   
2. Measurements of inclusion dissolution in slag using the laser scanning 
confocal microscope (LSCM). Key outputs from these experiments will be 
measurement of rate of reaction and assessment of reaction mechanisms 
(identification of rate-controlling step in inclusion dissolution process). 
 
3. Thermodynamic modelling of the inclusion-slag systems studied using the 
MTDATA thermodynamic software [171]. Key outputs from this modelling 
facilitate the characterisation of the slag-inclusion interface and allow 
evaluation of the reactivity in the systems studied.   
 
A detailed description of the experimental techniques, materials used and 
thermodynamic modelling in this study is given in the following sections.  
 
3.1. Sessile Drop Experimental Technique for Dynamic Wetting 
Measurements  
The sessile drop technique was used to measure the dynamic contact 
angle/wettability of liquid slag and solid substrate. Substrate materials used in 
this study were chosen to represent steel inclusion phases, and were alumina 
(Al2O3), alumina magnesia spinel (MgAl2O4) and calcium aluminate 
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(CaO.Al2O3). A schematic of the furnace and sessile drop apparatus used to 
measure the contact angle is given in Figure 3-1. A typical example of the slags 
wetting behaviour on substrates used can be seen in Figure 3-2.  
 
  
(a) 
 
 
(b) 
1: Platinum wire 6: Tray and block 11: Quartz window 16: Monitor 
2: Twin bore tube 
7: Resistance 
furnace 
12: Flange 17: Alumina tube 
3: Alumina support 8: Inlet gas 13: Camera 18: Alumina scale 
4: Liquid slag held 
with platinum wire 
9: Outlet gas 
14: 2x telephoto 
lens 
19: Alumina 
furnace tube 
5: Substrate 10: Hot zone 15: Filters  
Figure 3-1: The schematic of the sessile drop apparatus (a) furnace in cross 
section (b) sample configuration (as viewed from camera position). 
 
    
  
  
  
  
  
  13       
8 
11 
1 2 3 
9 
7 
12 
5 
4 
6 
16 
14 
15 
  
10 
    
  
  
  
    
6 
5 
18 4 17   
2 
19 
  
48 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
 
(e) 
 
(f) 
Figure 3-2: A typical example of slag T1 wetting behaviour on alumina substrate 
at 1500°C after (a) 0 second, (b) 5 seconds, (c) 10 seconds, (d) 20 seconds, (e) 
40 seconds and (f) 60 seconds, (slag T1 was one of the slag compositions used 
in this study and will be detailed in Table 3-1).  
 
3.1.1. Experimental Set-up and Conditions 
The slag compositions used in this study were based on high alumina ladle type 
slags (referred as L-type in the text) and high silica tundish type slags (referred 
as T-type in the text) and are given in Table 3-1. In Table 3-1, B is the slag 
basicity as defined in Equation 2-76. Further criterion for selection of slag 
compositions were 
 that the slag have a liquidus temperature of below 1450°C, ensuring that the 
slag is fully liquid at the experimental temperature of 1500°C  
 that the slag have a similar composition to the steel refining slags used in 
ladles and tundishes at BlueScope. 
 
Table 3-1: Chemical composition of the slags used.  
Slag 
name 
Slag 
type 
Slag composition in mass%* 
   
CaO Al2O3 SiO2 MgO 
L1 
Ladle  
41.8 42.7 9.2 6.3 0.81 
L2 46.3 37.1 9.8 6.8 0.99 
L3 50.9 32.9 9.5 6.7 1.20 
T1 
Tundish  
25.5 17.4 57.1 - 0.34 
T2 32.7 19.2 48.1 - 0.49 
T3 40.3 19.0 40.7 - 0.68 
* Analysed by XRF at the Central Laboratory of BSL, Port Kembla, NSW, Australia 
 
10mm 10mm 10mm 
10mm 10mm 10mm 
49 
 
The Al2O3, MgAl2O4 and CaO.Al2O3 substrates used in this study were high 
density ceramics. The composition of these substrates is given in Table 3-2. A 
summary of key experimental parameters is given in Table 3-3. 
 
Table 3-2: Chemical composition of the substrates in mass%. 
Substrate Al2O3 MgO CaO 
Alumina 100 - - 
Spinel 71.7 28.3 - 
Calcium aluminate 64.5 - 35.5 
 
Table 3-3: Details of other experimental settings. 
Experimental 
Temperature (°C) 
1500 Substrate surface finish (μm)  1 
Atmosphere* Pure Ar  Prior to heating, gas purge time (min) 15 
Gas flow rate (l/min) 0.75 Mass of slag transferred (g) >0.1 
Mass of slag (g) 0.2 ± 0.03 Thermal stabilising time (min) 10 
Mass of substrate (g)   8-10 Period of measurements (min) 15 
* pre-scrubbing 
 
Prior to running the experiment, the substrate was in turn placed on top of an 
alumina block and the whole assembly put on an alumina tray and positioned in 
the resistance heated horizontal tube furnace. The furnace was fitted with a 
high purity alumina furnace tube, sealed and supported with stainless steel end 
caps with provision for argon flushing and a quartz glass viewing window where 
a high definition video camera was mounted. A small alumina cylinder of known 
dimensions was positioned in line with the substrate on the alumina block to 
enable calculation with respect to size of the images produced. The dimensions 
of alumina cylinder were corrected for the experimental temperature according 
to its thermal expansion coefficient given in Equation 3-1 [172]. 
                                                                                                             (3-1) 
where   represents the mean linear thermal expansion coefficient (/K) for the 
temperature range of 25-1500°C. 
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To ensure that the substrate is level in the furnace a laser level was applied and 
the substrate was levelled in both horizontal planes. It is shown schematically in 
Figure 3-3. 
 
 
Figure 3-3: Application of laser to level the substrate in the furnace. 
 
A Sony 6.1 MP video camera was used with a 2x telephoto lens. Light intensity 
from the furnace coming into the camera was reduced applying a 2x and a 400x 
Hoya neutral density filter in series. A schematic showing the position of the 
lenses relative to the furnace can be seen in Figure 3-4. 
 
 
Figure 3-4: Video camera lens position. 
 
3.1.2. Experimental Procedure 
The sessile drop is a standard technique used to measure the wetting and 
interfacial tension of liquid on a solid. The key point to note in the technique 
used was that the slag and substrate were heated to the experimental 
temperature separately. Once at temperature the liquid slag was introduced to 
the substrate. A schematic showing this procedure is given in Figure 3-5. Note 
that the slag is held at point (c) until it is at the experimental temperature. The 
addition of slag shown in (d) is carried out manually by lowering the part that 
  
    
     
  
   
  
 
  
  
          
ND2 
ND400 2X telephoto lens 
High definition 
video camera 
 Neutral density filters 
Air gap approximately 
110mm between camera 
and furnace 
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holds the alumina support, Figure 3-1 number 3. This slag addition technique 
was developed as part of this Ph.D. study. 
 
 
(a) 
 
   (b) 
 
  (c) 
 
 (d) 
 
  (e) 
 
          (f) 
Figure 3-5: The liquid slag addition method in the sessile drop technique. 
 
Approximately 0.1g of the original 0.2g slag is transferred to the substrate. The 
mass of slag added represents a compromise between errors associated with 
scale at small masses and using a mass that is less than the critical value of 
that required for gravity distortions of the droplet. More details on the 
optimisation of the droplet size are available in Appendix III.  
 
The time required for slag to reach the experimental temperature was estimated 
using thermal conductivity equations [173]. More details on calculations are 
given in Appendix IV. The moment at which the liquid slag is contacted to the 
substrate and separated from the platinum wire is defined as time zero.  
 
The experiments were carried out under argon gas. This was scrubbed prior to 
entering the furnace by passing through ascarite and drierite. The argon flow 
rate was maintained at 0.75 l/min throughout the experiment and subsequent 
cooling of the furnace. A schematic of the gas train is shown in Figure 3-6.  
 
  
Cold zone Hot zone 
Furnace tube 
      
Hot zone Hot zone 
  
  
Hot zone 
    
Hot zone 
  
Cold zone Hot zone 
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Figure 3-6: A schematic of the argon gas train used in the sessile drop 
experiment.  
 
The sample in furnace was then heated up to the experimental temperature 
using the heating profile shown in Figure 3-7. The furnace was stabilised at the 
target temperature for 10min and the wetting behaviour was captured for 15min 
from time zero. The dynamic contact angle was calculated/measured from 
digital stills captured from the video recording.   
 
 
Figure 3-7: A schematic showing the sessile drop heating profile and 
measurement schedule. 
Period of 
thermal 
stabilisation 
(10min) 
Period of 
measurement 
(15min) 
20°/min 
10°/min 
20°/min 
7°/min 
Gas inlet to 
the furnace 
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Contact angles were calculated only for slag-substrate systems that were 
 in focus  
 when viewed cold the slag had a circular profile as given in Figure 3-8 
 the slag had not touched the edge of the substrate 
 
 
Figure 3-8: A schematic of acceptable slag-substrate sample which meets the 
requirements for wetting measurement. 
 
3.1.3. Calculation of the Contact Angle, θ 
Calculation of the contact angle θ was based on the geometry of a spherical cap. 
A spherical cap can geometrically be approximated by a sphere of radius   
dissected by a base plane. θ can then be calculated using the radius of the base 
in contact with the plane (substrate) as illustrated in Figure 3-9 and according to 
Equation 3-2. 
  
 
Figure 3-9: (a) and (b) Showing a schematic of a sessile drop’s geometry. The 
drop is approximated to a spherical cap as defined by the radius of the base and 
height above basal plane. 
 
 
 
      
 
 
             (3-2) 
  
  
Slag 
Substrate 
h 
   
  
 
2  
 
 
h 
  
  
θ/2 
2  
 
 
(a) (b) 
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In Equation 3-2, h is the height of contact circle,   is radius of the circle marked 
by the basal plane and the angle   in Figure 3-9 (a) is equivalent to θ/2 in Figure 
3-9 (b). The   and h were measured from digital still images captured from the 
recordings using ImageJ [174]. More details of the analysis of the still frames by 
ImageJ and contact angle measurements are given in Appendix V. 
 
3.1.4. Placement of Slag on Substrate 
The slag pellet was held in a platinum wire loop held in an alumina twin bore 
tube. The twin bore was also supported using an alumina rod and the whole 
assembly was held by a movable flange fitted on the furnace main flange. The 
position of alumina twin bore and alumina support in the furnace flange can be 
seen in Figures 3-1 and 3-10. The alumina support was able to be moved 
horizontally (on X direction) through the furnace tube from cold end to the hot 
zone of the furnace.  
 
 
Figure 3-10: The position of alumina twin bore and alumina support in the 
movable flange of the furnace main flange. 
 
3.1.5. Temperature Calibration of the Furnace 
A schematic of the set-up used for temperature calibration of the sessile drop 
furnace is shown in Figure 3-11. The substrate first was placed at the furnace 
hot zone using the furnace temperature profile as given in Figure 3-12. The      
R-type thermocouple then was positioned such that its tip contacted to the 
centre of the substrate surface.  
 
          
Gap (exaggerated) 
Alumina support 
Alumina twin bore 
Movable flange 
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Figure 3-11: A schematic of the temperature calibration set-up. 
 
 
Figure 3-12: Sessile drop furnace temperature profile, furnace set point 1550°C. 
 
A heating profile similar to the sessile drop experiments was used for 
temperature calibration up to 1450°C. Other experimental conditions were 
similar to the sessile drop experiments. From this point to 1600°C the set 
temperature was held to thermally stabilise the thermocouple temperature. This 
process was repeated in temperature steps of 50°C. The thermocouple 
temperature was then plotted vs. the set temperature as given in Figure 3-13. A 
set temperature of 1578°C was found for the experimental temperature of 
1500°C.  
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Figure 3-13: The results of temperature calibration of the sessile drop furnace. 
 
3.1.6. Materials Preparation 
3.1.6.1. Slag 
The slag compositions were prepared by mixing laboratory grade oxides (CaO, 
Al2O3, SiO2 and MgO) of appropriate proportions. These mixtures were melted in 
a platinum crucible in a muffle furnace for 15-20min prior to pouring. The high 
alumina L-type slags then were poured onto a steel plate in air atmosphere for 
cooling. The high silica T-type slags were quenched in water. Both slag types 
then were crushed. The melting process was repeated twice to ensure slag 
homogeneity. Composition of the resultant slags was measured by XRF and is 
given in Table 3-1. 
 
3.1.6.2. Preparation of slag pellets 
0.2g sintered pellets were prepared from the slags and used in the sessile drop 
experiments. Slag pellets were prepared from powdered slag and mixed with (4 
mass%) deionised water. This mixture then was mixed for 1 hour. It was then 
pressed in an 8mm diameter steel mould and pressed up to 2 tonnes pressure. 
The green pellets were then sintered in a muffle furnace at 1000°C for 6 hours.   
 
3.1.6.3. Sessile drop substrates 
The sessile drop substrates used in the wetting experiments were alumina 
(Al2O3), spinel (MgAl2O4) and calcium aluminate (CaO.Al2O3).   
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The alumina substrates were supplied by Rojan Advanced Ceramics, 
Henderson, Western Australia in the circular shape of 50mm diameter. The 
alumina substrates were cut to the appropriate size of 30mm diameter for sessile 
drop experiments before being surface prepared. The purity of the alumina 
substrate was confirmed by XRD as given in Figure 3-14. From the figure it can 
be seen that it is predominately single phase and high purity. 
 
 
Figure 3-14: The XRD pattern for the alumina substrate. The A peaks denote 
alumina as identified in card 10-173 [175].  
  
The spinel and calcium aluminate substrates were prepared from high purity 
laboratory grade powders, see Table 3-4.  
 
Table 3-4: The powders used in preparation of substrates*. 
Material Alumina Calcium Carbonate Magnesium oxide 
Chemical Formula Al2O3 CaCO3 MgO 
Molecular weight 
(g/mol) 
102.0 100.1 40.3 
Supplier Sigma-Aldrich Sigma-Aldrich Sigma-Aldrich 
Purity (%) > 99.7 99.0 99.0 
Particle size (μm) < 10 Not available < 44 
* Full details in Appendix VI – Material Purity 
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These powders were mixed in the appropriate proportions and fired to produce 
MgAl2O4 and CaO.Al2O3. Calcium carbonate was selected as the source material 
for the CaO over pure lime. It thermally decomposes to lime at 900°C. Its use 
avoids moisture absorption problems and can be more accurately weighed. 
Further, Mohamed and Sharp [176, 177] recommended that the CaO is more 
reactive when the decomposition reaction occurs in situ and during sintering. 
Intimate mixing of the base powders was achieved by mixing the reagents with 
500ml of deionised water to produce slurry. The slurry was then filtered through 
a 75mm bucher filter. The filter paper used was Filtech 2850-70, equivalent to a 
Whatman #6 with a particle retention of ~3μm. The filter cake(s) was then oven 
dried at 100°C for 24 hours. 
 
Deionised water was added to the dried mixtures to achieve a nominal 4 mass% 
moisture content prior to pressing. Approximately 8g lots of powder was pressed 
in a 35mm diameter steel die under a 9.5 tonnes pressure.  
 
The green spinel and calcium aluminate disks were then fired in a muffle furnace 
in accordance with the schedule shown in Figures 3-15 and 3-16 respectively. 
The XRD patterns for the synthetic spinel and calcium aluminate are given in 
Figures 3-17 and 3-18 respectively. No other phases were identified via XRD 
and the synthetic spinel and calcium aluminate can be described as 
predominately single phase and high purity.    
 
Dense substrate disks of spinel and calcium aluminate were then produced by 
pressing ~8g of finely ground (< 38μm) spinel and calcium aluminate in a 35mm 
circular steel die at a pressure of 9.5 tonnes with a moisture level of 4 mass%. 
The spinel and calcium aluminate substrates were sintered in a muffle furnace at 
a temperature of 1725°C and 1525°C respectively for a period of 6 hours then 
furnace cooled. 
 
 
59 
 
 
Figure 3-15: A schematic showing the sintering schedule used for the synthesis 
and preparation of dense disk of spinel. 
 
 
Figure 3-16: A schematic showing the sintering schedule used for the synthesis 
and preparation of dense disk of calcium aluminate. 
 
 
Figure 3-17: The XRD pattern for the spinel used in the preparation of the 
substrate. The S peaks denote spinel as identified in card 21-1152 [178]. 
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Figure 3-18: The XRD pattern for the calcium aluminate used in the preparation 
of the substrate. The C peaks denote calcium aluminate as identified in card   
23-1036 [179]. 
 
The apparent porosity and bulk density of the substrate was measured in 
accordance with Australian Standard AS 1774.5-2004 [180] and given in Table 
3-5. The values represent an average of 10 measurements. 
 
Table 3-5: Density and porosity of sessile drop substrates. 
Substrate 
Bulk density 
(kg/m3) 
Apparent density  
(kg/m3) 
Apparent 
porosity (%) 
Al2O3 3890 3900 0.36 
MgAl2O4 3300 3350 1.90 
CaO.Al2O3 2700 2750 1.70 
 
3.1.7. Substrate Surface Preparation 
The substrates were then ground and polished to 1µm in order to minimise 
roughness effects on the wetting measurement. The polishing schedule is given 
in Table 3-6 where FG and DP denote fine grinding and diamond polishing steps 
respectively. Between each step the substrates were cleaned with cotton wool 
soaked in detergent and then rinsed with deionised water. The substrates were 
finished by spraying with ethanol and drying in hot air. 
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Table 3-6: Automatic grinding and polishing schedule for sessile drop substrates. 
Step FG1 FG2 DP1 DP2 DP3 
Surface Diadisc DP-PLAN DP-PAN DP-DUR DP-DUR 
Abrasive Diamond 
DP-
suspension 
DP-
suspension 
DP-
suspension 
DP-
suspension 
Grain size 
(µm) 
40 9 6 3 1 
Lubricant Milli q water Detergent Detergent Detergent Detergent 
Speed (rpm) 150 150 150 150 150 
Force (N) 15 15 15 15 15 
time (min) Until plane 5 5 5 6 
 
Post polishing the substrates held in an oven at 100°C for 8 hours and then 
stored in a desiccator until used.  
 
3.1.8. Determining the Surface Roughness of Substrate  
The surface roughness (Ra) of substrates was measured using a Veeko Wyko 
NT9100 Optical Profilometer. Ra, roughness average, is the mean height as 
calculated over entire measured length or area and is calculated in accordance 
with ANSI B46.1 Standard [181] using Equation 3-3: 
   
 
  
∑ ∑ |   |    
 
                                                                                            (3-3) 
where   and   are number of data points in   and   directions, and   is the 
surface height relative to the mean plane.    is used for detecting general 
variations in overall profile height characteristics. 
 
The roughness of one sample of each substrate type was tested. Measurements 
were made at predetermined points, shown schematically in Figure 3-19 on each 
substrate. This was to ensure roughness values of the substrates were 
representative.  
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Figure 3-19: Point distribution of optical micrographs for substrate porosity 
measurement. 
 
Using this approach a Ra value of 0.086µm, 0.109µm and 0.244µm was obtained 
for alumina, spinel and calcium aluminate substrates respectively. A typical 
example of the optical micrograph for an alumina substrate is shown in Figure  
3-20. Further details on surface parameters measured using the Wyko Optical 
Profilometer and optical micrographs of the other substrates are also given in 
Appendix VII.     
 
 
Figure 3-20: A typical optical micrograph of alumina substrate with 1μm surface 
polish. 
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3.1.9. Experiments for the Evaluation of Contact Time on Slag-
Substrate Penetration/Interaction 
The effect of slag contact time on penetration of the substrate material was 
assessed using two approaches. 
1. By carrying out an experiment identical to that used in the sessile drop 
dynamic wetting measurements except that in this test the furnace flange was 
opened immediately after slag addition and the substrate-slag sample was 
removed from the furnace and placed on laboratory bench, rapidly cooling  down 
in air (see Figure 3-21). From slag addition to placing on the bench was 
approximately 60 seconds.  
 
 
(a) 
 
 
                     (b) 
Figure 3-21: A schematic of the rapid cooled sessile drop test (a) the furnace in 
cross section and (b) slag-substrate specimen on the top bench. 
 
2. Dip test: A dip test was also carried out in a vertical tube furnace (see Figure 
3-22). In this technique a platinum crucible containing slag was positioned in an 
alumina crucible and was placed in the vertical furnace on a pedestal. The spinel 
substrate was held just above the slag surface by an alumina rod using platinum 
wire. The furnace then was heated up to 1500°C under pure argon atmosphere. 
After stabilisation at the experimental temperature the substrate was dipped into 
the molten slag for approximately one second and then was removed from the 
furnace and quenched in water. The whole process from dipping the substrate 
material into the slag until it was quenched in water took approximately three 
seconds. 
 
  
  
Steel hook 
  
  
    
Laboratory bench 
Slag 
Substrate 
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1: liquid slag 
2: Spinel substrate 
3: Platinum crucible 
4: Alumina crucible 
5: Alumina rod 
6: Pedestal 
7: Hot zone 
8: Furnace tube 
9: Argon inlet 
10: Exhaust outlet 
11: Water cooled cap 
12: Flange 
13: Holder 
 
Figure 3-22: A schematic of the dip test set-up, the furnace in cross section. 
  
The effect of contact time on slag-substrate interaction was studied using spinel 
substrate and slag L1 as a typical system. These spinel-slag couples were then 
sectioned and prepared for electro-optical microscopy. 
 
3.1.10. Analysis Techniques 
3.1.10.1. Electro-optical analysis 
SEM analysis for all samples of the sessile drop experiments was carried out 
using JEOL JSM 6490LV system. EDS analysis was carried out using the JEOL 
EX-230xBu analyser and an Oxford X-maxN 80mm2 SDD analyser. 
 
 Sample preparation for SEM-EDS  
Post experimental sessile drop samples were prepared for SEM-EDS analysis to 
study slag-substrate interactions. The samples were cold mounted in epoxy 
resin under vacuum and allowed to set. Once set, they were sectioned (see 
Figure 3-23) and prepared for SEM examination by grinding and polishing on a 
Struers Rotopol automatic grinding/polishing machine. The polishing procedure 
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used was similar to that detailed in Table 3-6 for substrate preparation. The 
polished samples were carbon coated prior to SEM-EDS analysis. 
 
 
Figure 3-23: A schematic for the sessile drop experiments sample prepared for 
electro-optical analysis.     
 
 
3.1.11. Key Experimental Outcomes 
 A procedure for placing liquid slag on ceramic substrates at target 
temperature was developed. 
 The dynamic contact angle (θ) of steel refining slags on selected substrates 
was measured. 
 Characterisation of the slag-substrate interface of post experimental samples 
by SEM-EDS analysis was carried out. 
 
3.2. Inclusion Dissolution Assessment using Laser Scanning 
Confocal Microscopy (LSCM) 
A LSCM was used to measure the rate of dissolution of synthetic inclusions in 
CaO-Al2O3-SiO2 slag system. The primary focus of these experiments was to 
establish the rate-controlling mechanism of dissolution.  
 
A schematic of the LSCM elliptical furnace set-up is given in Figure 3-24. The 
furnace has two focal points. A halogen lamp is set in one focal position (bottom 
side) and a slag crucible containing slag and inclusion is placed in the other focal 
point (top side) of the furnace. Once the lamp starts to heat up in the first focal 
    
Slag droplet 
Inclusion substrate 
  
  
Resin mount 
Section plane 
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point the energy radiated is wholly transferred to the slag crucible in the other 
focal point. 
 
 
 
Figure 3-24: Schematic of the LSCM furnace set-up. 
 
A schematic of the crucible containing slag and inclusion is given in Figure 3-25.  
 
 
1: Inclusion particle 
2: Slag 
3: Platinum crucible 
4: Alumina powder 
5: Alumina crucible 
6: Crucible holder 
7: LSCM thermocouple 
 
 
 
Figure 3-25: Schematic of sample and crucible configuration in LSCM. 
 
Other key parameters of LSCM are given in Table 3-7. Full details of the optics 
and LSCM layout are given in Appendix VIII. 
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Table 3-7: Key parameters of LSCM. 
Maximum 
magnification 
x1350 
Laser beam 
diameter (μm) 
0.5 
Lamp power 
(kW) 
1.5 
Resolution 
(μm) 
0.25 
Horizontal optical 
reflector frequent 
(kHz) 
15.7 
Number of 
Frames        
(per second) 
30 
Laser type He-Ne 
Vertical optical 
reflector frequent  
(kHz) 
60 
Thermocouple 
type 
B 
Wavelength 
(nm) 
632.8 Lamp type Halogen   
 
3.2.1. Experimental Procedure 
The experimental procedure involved heating a platinum crucible containing pre-
fused slag with an inclusion to the experimental temperature using a heating 
profile as given in Figure 3-26. The heating profile used ensured rapid heating of 
the slag-inclusion system and protection of the furnace ceramics from thermal 
shock. 
 
 
Figure 3-26: Schematic of furnace heating profile applied in LSCM experiments. 
 
The experiments were carried out under high purity argon atmosphere. This was 
scrubbed prior to entering the LSCM furnace by passing through a silica bed and 
also titanium turnings/chips heated to 850°C in a furnace chamber.  
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Once liquid, the slag was found to cover the inclusion and the inclusion dropped 
lower in the crucible and started to dissolve. After a period of time, in some 
experiments the inclusion would drop to the bottom of the platinum crucible. 
 
The time zero, the starting point of the experiment, was defined as the time 
when 
 the experimental temperature was reached and 
 the inclusion was fully covered by the liquid slag and 
 the reaction between slag and inclusion started (as evidenced by a change in 
particle radius, R) 
 
The end of experiment was when the inclusion completely dissolved. During the 
experiment the microscope was focused manually to ensure a sharp 
border/interface of the synthetic inclusion. 
 
The process of inclusion dissolution was recorded to video for image analysis 
and the temperature and time were logged throughout the experiment. Prior to 
image analysis, size calibration of the LSCM images was carried out. The basis 
of this calibration was measurement of the dimensions of a particle/object of 
known size under the LSCM lens in pixels units and then equating this to the 
known size in the SI units. An equation was then obtained which converts pixels 
to the SI units. The calibration for different lenses of the LSCM was carried out 
and is given in Table 3-8. 
 
Table 3-8: LSCM image size calibration for different lenses (1 px² =  μm²). 
lens   (μm/px) 
5x 2.1060 
10x 0.4983 
20x 0.1307 
35x 0.0427 
50x 0.0206 
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The video analysis procedure for measuring inclusion size with time was then 
carried out. It was assumed that the area of the circle in the LSCM images 
represented spherical properties. The area was then measured and converted to 
radius (R). This R represents the inclusion size at time and was used in the 
kinetic studies.   
 
The LSCM image analysis procedure to obtain   value is summarised in the 
following,  
 
LSCM video 
   
Open the LSCM video (use VirtualDubMod 1.5.10.1) 
    
Determine the time zero (find the frame in which the time zero conditions are 
met)  
 
Capture ~35 video still frames from time zero to the end (use “Snapshot Source 
Frame” tool in the “Video” menu at certain time step 
  
Open the frames in the ImageJ software 
  
Establish particle area (draw around particle circumference and measure the 
area using “Measure” tool in the “Analyse” menu. Repeat this for the other 
frames and then export the list of measurements to Excel using “Export” tool in 
the “File” menu) 
  
Convert the measured area from px2 to SI unit, μm2 (use LSCM image size 
calibration results, 1 px² = 2.1061 μm² for 5x lens used) 
  
Convert area to radius,   (assume area of circle represents sphere properties) 
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The slag compositions used are slags T1 to T3 given in Table 3-1. These slag 
compositions were chosen so that they  
 should be transparent so that the inclusion can be seen in the bulk of the slag 
 had liquidus temperature of below 1450°C, ensuring that the slag is fully 
liquid at the experimental temperature of 1500°C.  
 
Synthetic inclusions in the form of spheres obtained from Sandoz Fils S.A. 
Details of their type, size, density and thermal expansion coefficient [172] are 
given in Table 3-9. The synthetic inclusions were high precision spheres. Their 
use is intended to minimise uncertainty in evaluating changes in dimension size 
during dissolution. It is noted that the alumina-magnesia particle was expected to 
have a similar composition to that of for spinel (given in Table 3-2). This was not 
found to be true. EDS analysis on an as received particle indicated the particle 
was not a spinel but simply an alumina-magnesia particle. This particle then was 
referred to as an alumina-magnesia particle.   
 
Table 3-9: Chemical composition (as measured by EDS), size, density and 
thermal expansion coefficient of inclusion particles. 
Particle %Al2O3 %MgO 
Density  
(kg/m3) 
Diameter  
(mm) 
  
(/K) 
Sapphire 100 - 3835 0.2, 0.3, 0.4 9×10-6 
Alumina-magnesia 88.5 11.5 3451 0.4 10.2×10-6 
 
The density of the particles given in Table 3-9 are the corrected values for 
1500°C using the linear thermal expansion coefficients ( ) for alumina and 
alumina-magnesia [172]. Using the   values the density of sapphire and the 
alumina-magnesia particle at 1500°C were obtained via Equations 3-4 and 3-5 
respectively.   
                                                                                                    (3-4) 
                                                                                               (3-5) 
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3.2.2. Temperature Calibration of the LSCM 
Temperature calibration of the LSCM furnace was based on phase transition 
temperatures of pure iron. The phase transition temperatures of 99.99% Fe 
sample was observed using an experimental configuration shown in Figure 3-27. 
A thin disk (~2mm in thickness) of pure iron was prepared and was polished to 
1μm surface finish. The sample then was positioned in a platinum crucible 
containing pure alumina powder. The crucible was placed in the microscope 
furnace and heated similar to that described for the inclusion dissolution 
experiments in section 3.2.1.  
 
 
1: pure iron sample 
2: Alumina powder 
3: Platinum crucible 
4: Alumina crucible 
5: Crucible holder 
6: LSCM thermocouple 
 
     
Figure 3-27: Schematic of temperature calibration configuration for LSCM. 
 
The thermocouple temperature for the phase transitions was measured (see 
Table 3-10, LSCM thermocouple before the experiments) and was plotted vs. 
theoretical temperature (see Figure 3-28). A furnace set point of 1456°C was 
obtained for the experimental temperature of 1500°C. This procedure was 
repeated before and after the particle dissolution experiments (see Figure 3-28 
and also Table 3-10, LSCM thermocouple after the experiments). An average of 
both the calibrations was then evaluated and a real experimental temperature of 
1499.7°C was obtained. Therefore the experimental temperature was confirmed 
being 1500°C.    
 
 
 
 
 
2 
3 
2 4 
5 6 
1 
Polished  
surface 
72 
 
Table 3-10: Transition temperatures of pure iron, theoretical [182] and 
measured values. 
Transition 
Theoretical  
T (°C) [182] 
LSCM thermocouple 
before the experiments after the experiments 
    911 818 822 
    1394 1343 1356 
    1539 1496 1503 
 
 
Figure 3-28: The results of temperature calibration of the LSCM furnace before 
and after a series of the experiments. 
 
3.2.3. Materials Preparation 
3.2.3.1. Slag 
The slag preparation process was similar to that given for slags T1 to T3 in 
section 3.1.6.1. ~0.2g of slag was melted in a platinum crucible in the muffle 
furnace at 1650°C and then was used in LSCM. 
 
3.2.3.2. Platinum crucibles 
The platinum crucibles (model: CN8575) used in the LSCM experiments were 
supplied by Yonekura Mfg. Co., Ltd., Japan and had 5mm height and 5mm 
diameter. 
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3.2.4. Key Experimental Outcomes 
 The rate of dissolution of sapphire and the alumina-magnesia inclusion 
particles in slags T1 to T3 was measured. 
 Data that can be used to evaluate the rate-controlling mechanism of the 
synthetic inclusions in CaO-Al2O3-SiO2 slags were collected. 
 
3.3. Thermodynamic Modelling  
Thermodynamic modelling for the slag-inclusion systems studied was carried 
out using MTDATA thermodynamic software [171]. MTDATA is a commercial 
thermodynamic software package developed at the National Physical 
Laboratory in the UK that is able to calculate complex multi-component phase 
equilibria in gas-liquid-solid systems. It uses a Gibbs Energy minimisation 
routine to establish the thermodynamic equilibrium of a defined system. 
 
3.3.1. Key Thermodynamic Modelling  Outcomes 
 The isopleths representing the slag-inclusion systems identify the stable 
phases at the experimental temperature for the systems studied. This can 
be used in evaluation of the interface in the systems studied. 
 Reactivity of the slag and inclusion can be evaluated based on the stable 
phases identified through the thermodynamic phase diagrams. 
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4. Results 
The results of two experimental streams, wetting modelling and thermodynamic 
modelling are presented in this chapter as follows: 
 
4.1. Dynamic wetting measurements using the sessile drop 
The   measured for systems studied are compared in Figures 4-1 and 4-2. The 
slag-substrate interface SEM-EDS analysis is then shown in Figures 4-4 to 4-9 
and the respective EDS compositions are given in Tables 4-1 and 4-2. The 
results of slag wetting on substrates of different porosity and also slag 
penetration in different slag-substrate contact times are given in sections 4.1.3 
and 4.1.4 respectively.  
 
4.2. Application of the Choi and Lee [7] wetting model 
The fit of Choi and Lee [7] model to the wetting results are given in Figures 4-1 
and 4-2. The fitting parameters obtained for the model are then given in Table 
4-8.  
 
4.3. Measurement of inclusion dissolution using the LSCM 
The dissolution rate of sapphire and an alumina-magnesia particle in slags at 
1500°C is given in Figures 4-17 and 4-18 respectively. Slag-inclusion interface 
assessment (EDS mapping and line analysis) is given in Figures 4-19 to 4-20 
for sapphire and in Figures 4-21 to 4-22 for the alumina-magnesia particle.  
 
4.4. MTDATA thermodynamic modelling 
MTDATA [171] phase stability diagrams for the systems studied in the wetting 
and dissolution experiments are given in Figures 4-23 to 4-29. 
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4.1. Dynamic Wetting Measurement Results 
4.1.1. Contact Angle Measurements 
The dynamic   measured for the T-type and L-type slags on different substrates 
are given in Figures 4-1 and 4-2 respectively. Full details of the measured 
parameters and resulting   are given in Appendix IX. 
  
 
       (a) 
 
 
       (b) 
 
                                (c) 
 
Figure 4-1: Wetting behaviour of (a) slag T1, (b) slag T2 and (c) slag T3 on 
alumina, spinel and calcium aluminate substrates. The lines represent fits of the 
Choi and Lee [7] model to the data. 
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                                 (a) 
 
 
         (b) 
 
 
                                 (c) 
 
Figure 4-2: Wetting behaviour of (a) slag L1, (b) slag L2 and (c) slag L3 on 
alumina, spinel and calcium aluminate substrates. The lines represent fits of the 
Choi and Lee [7] model to the data. 
 
Summary of   measurement results 
 The   between the slag and substrates varied with the composition of slag, 
substrate and with time. 
 All systems studied were found to be wetting ( <90°).  
   decreased rapidly in the first 10 seconds tending to a plateau value at 
extended times for the slag on the different substrates. 
   reached a plateau value after approximately 30 and 70 seconds for L-type 
and T-type slags respectively. 
 The plateau   for L-type slags was relatively independent of slag 
composition on all substrates while the T-type slags showed a lower   with 
increasing basicity of slag. This was less pronounced for slags on the spinel 
substrate.  
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   for calcium aluminate < spinel which in turn was < alumina for all slags 
used. 
 
Observations 
   of T-type slags on calcium aluminate substrate at the extended times was 
<10°. Measurement uncertainty is high in such circumstances due to 
measurement errors associated with   and   in Equation 3-2. 
 Post experiment samples of T-type slags on calcium aluminate substrates 
showed the substrate edge had been reached by the slag. On reviewing the 
video however it was confirmed that during the period of   measurement (up 
to 70 seconds) the slag was far from the substrate edge. As such the results 
have been included. 
 
4.1.2. Slag-Substrate Interface Analysis 
The interface between slag and substrate was analysed using SEM and 
mapped using EDS for the elements contained in the slag and substrates (Ca, 
Al, Si and where applicable Mg). There was evidence of slag 
penetrating/reacting with substrate in all the systems studied. EDS area, spot 
and line analyses was then carried out to identify the phases present in the 
penetration layer. Selected analyses given for each slag-substrate system in 
this section is listed as follows: 
 
 A low magnification (×100) SEM micrograph from the centre of the interface 
 EDS mapping analysis of the elements contained from the ×100 SEM image 
 EDS area analysis of the phases identified in the ×100 SEM micrograph 
 A high magnification (×500) SEM image from the slag penetration layer (The 
original position of this high magnification image is marked on the low 
magnification (×100) image as a dashed box) 
 EDS spot/area analysis of the phases identified in the penetration/reaction 
layer 
 SEM images from the corner of the slag-substrate interface (slag-substrate-
vapour triple interface) 
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Occasionally, there is a need for a further set of images for L-type slags-calcium 
aluminate system to deal with slag characterisation in the bulk slag away from 
the slag-substrate interface and also for T-type slags-spinel substrate to deal 
with the depth of penetration layer. A schematic of the slag-substrate sample 
and the position of listed SEM-EDS analyses are given in Figure 4-3. 
  
  
(a) 
 
 
(b) 
Figure 4-3: A schematic showing the slag-substrate sample and the position of 
(a) SEM-EDS analyses from the centre of the interface and (b) SEM images 
from the corner of the interface. 
 
The analyses subject of Figure 4-3 (a) are given in Figures 4-4 to 4-6 for L-type 
slags and in Figures 4-7 to 4-9 for T-type slags on alumina, spinel and calcium 
aluminate substrates respectively. In these figures where one number 
represents more than one point/area they were found to be essentially the same 
composition and have been reported as an average. The associated EDS 
compositions are also given in Table 4-1 and 4-2 for L-type and T-type slags 
respectively.  
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     300µm                                        Al     
 
   300µm                                       Si     
 
  
     300µm                                       Ca 
 
     300µm                                       Mg     
 
Figure 4-4 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag L1 on alumina substrate.  
 
 
 
 
 
 
  
Original 
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Figure 4-4 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag L2 on alumina substrate.  
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Figure 4-4 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag L3 on alumina substrate.  
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     300µm                                      Mg 
 
Figure 4-5 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the penetration layer of slag L1 on spinel substrate. 
 
 
 
 
 
 
  
83 
 
 
 
 
    300µm                                        Al 
 
   300µm                                        Si 
 
 
   300µm                                    Ca 
 
   300µm                                      Mg 
 
Figure 4-5 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the penetration layer of slag L2 on spinel substrate. 
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Figure 4-5 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the penetration layer of slag L3 on spinel substrate. 
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Figure 4-6 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the reaction area of slag L1 on calcium aluminate substrate. 
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Figure 4-6 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the reaction area of slag L2 on calcium aluminate substrate. 
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Figure 4-6 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS spot analysis of the identified phase(s) in 
the reaction area of slag L3 on calcium aluminate substrate.  
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Table 4-1: EDS analysis of the phases identified at the interface of the L-type 
slags-substrate systems. 
Substrate Slag 
Phase analysed, analysis number 
and relevant figure  
Composition in mass % 
CaO Al2O3 SiO2 MgO 
Alumina 
L1 
Starting slag composition* 41.8 42.7 9.2 6.3 
Crystalline slag (1), Figure 4-4 (a) 42.2 45.0 8.6 4.2 
Original substrate (2), Figure 4-4 (a) 0.1 93.8 3.7 2.4 
Penetration layer (3), Figure 4-4 (a) 10.5 83.5 3.2 2.8 
L2 
Starting slag composition* 46.3 37.1 9.8 6.8 
Crystalline slag (4), Figure 4-4 (b) 37.9 52.9 4.0 5.2 
Original substrate (5), Figure 4-4 (b) 0.1 93.6 3.60 2.7 
Penetration layer (6), Figure 4-4 (b) 8.7 85.1 3.1 3.1 
L3 
Starting slag composition* 50.9 32.9 9.5 6.7 
Crystalline slag (7), Figure 4-4 (c) 43.3 43.4 7.9 5.4 
Original substrate (8), Figure 4-4 (c) 0.0 93.3 4.1 2.6 
Penetration layer (9), Figure 4-4 (c) 9.3 84.9 3.2 2.6 
Spinel 
 
L1 
Starting slag composition* 41.8 42.7 9.2 6.3 
Crystalline slag (10), Figure 4-5 (a) 43.3 42.2 8.4 6.1 
Original substrate (11), Figure 4-5 (a) 0.6 71.7 2.7 25.0 
Penetration 
layer 
Grey phase (12),  
Figure 4-5 (a) 
0.1 70.1 2.4 27.4 
White phase (13),  
Figure 4-5 (a) 
39.1 56.9 2.1 1.9 
L2 
Starting slag composition* 46.3 37.1 9.8 6.8 
Crystalline slag (14), Figure 4-5 (b) 40.8 43.2 8.4 7.6 
Original substrate (15), Figure 4-5 (b) 0.2 72.0 2.8 25.0 
Penetration 
layer 
Grey phase (16),  
Figure 4-5 (b) 
0.1 70.2 2.3 27.4 
White phase (17),  
Figure 4-5 (b) 
36.5 58.5 2.8 2.2 
L3 
Starting slag composition* 50.9 32.9 9.5 6.7 
Crystalline slag (18), Figure 4-5 (c) 43.7 42.4 6.6 7.3 
Original substrate (19), Figure 4-5 (c) 0.5 72.3 2.8 24.4 
Penetration 
layer 
Grey phase (20),  
Figure 4-5 (c) 
0.2 69.9 2.4 27.5 
White phase (21),  
Figure 4-5 (c) 
41.3 45.9 7.3 5.5 
* Starting slag composition is that of measured via XRF analysis and given in 
Table 3-1.  
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Table 4-1 – continued: EDS analysis of the phases identified at the interface of 
the L-type slags-substrate systems. 
Substrate Slag 
Phase analysed, analysis number 
and relevant figure 
Composition in mass % 
CaO Al2O3 SiO2 MgO 
Calcium 
aluminate 
 
L1 
Starting slag composition* 41.8 42.7 9.2 6.3 
Original substrate (22),  
Figure 4-6 (a) 
36.5 59.3 2.0 2.2 
Slag 
near 
interface 
Dark phase (23),  
Figure 4-6 (a) 
35.7 50.1 3.1 11.1 
Grey phase (24),  
Figure 4-6 (a) 
38.6 57.5 2.0 1.9 
Light phase (25),  
Figure 4-6 (a) 
45.2 46.3 4.0 4.5 
L2 
 
Starting slag composition* 46.3 37.1 9.8 6.8 
Original substrate (26),  
Figure 4-6 (b) 
38.8 57.4 2.1 1.7 
Slag 
near 
interface 
Grey phase (27),  
Figure 4-6 (b) 
31.9 54.7 4.2 9.2 
Black phase (28),  
Figure 4-6 (b) 
50.0 40.5 9.1 0.4 
Light phase (29),  
Figure 4-6 (b) 
34.9 65.1 - - 
L3 
Starting slag composition* 50.9 32.9 9.5 6.7 
Original substrate (30),  
Figure 4-6 (c) 
39.5 56.8 2.1 1.6 
Slag 
near 
interface 
Grey phase (31),  
Figure 4-6 (c) 
35.1 64.9 - - 
Black phase (32),  
Figure 4-6(c) 
40.0 48.5 2.7 8.8 
Light phase (33),  
Figure 4-6 (c) 
39.9 52.3 3.6 4.2 
* Starting slag composition is that of measured via XRF analysis and given in 
Table 3-1.  
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Figure 4-7 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T1 on alumina substrate. 
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Figure 4-7 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T2 on alumina substrate. 
Note: In this sample, the much of the top of the slag sheared off during cutting 
for sample preparation. 
 
 
 
 
 
 
 
  
92 
 
 
 
 
 300µm                                       Al 
 
  300µm                                        Si 
 
 
  300µm                                      Ca 
  
  
Figure 4-7 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T3 on alumina substrate. 
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Figure 4-8 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T1 on spinel substrate. 
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Figure 4-8 (a) – continued: Low magnification SEM backscattered image and 
EDS mapping from the centre of the slag-substrate interface in the penetration 
layer of slag T1 on spinel substrate.  
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Figure 4-8 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T2 on spinel substrate. 
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Figure 4-8 (b) – continued: Low magnification SEM backscattered image and 
EDS mapping from the centre of the slag-substrate interface in the penetration 
layer of slag T2 on spinel substrate. 
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Figure 4-8 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T3 on spinel substrate. 
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Figure 4-8 (c) – continued: Low magnification SEM backscattered image and 
EDS mapping from the centre of the slag-substrate interface in the penetration 
layer of slag T3 on spinel substrate. 
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Figure 4-9 (a): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T1 on calcium aluminate substrate. 
Note: The slag crept over edge of substrate. See comment in observations in 
section 4.1.1. 
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Figure 4-9 (b): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T2 on calcium aluminate substrate. 
Note: The slag crept over edge of substrate. See comment in observations in 
section 4.1.1. 
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Figure 4-9 (c): SEM backscattered images and EDS mapping from the centre of 
the slag-substrate interface and EDS area/spot analysis of the identified 
phase(s) in the penetration layer of slag T3 on calcium aluminate substrate. 
Note: The slag crept over edge of substrate. See comment in observations in 
section 4.1.1. 
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Table 4-2: EDS analysis of the phases identified at the interface of the T-type 
slags-substrate systems. 
Substrate Slag 
Phase analysed, analysis number and 
relevant figure 
Composition in mass % 
CaO Al2O3 SiO2 
Alumina 
T1 
Starting slag composition* 25.5 17.4 57.1 
Crystalline slag (34), Figure 4-7 (a) 28.3 18.8 52.9 
Original substrate (35), Figure 4-7 (a) - 96.4 3.6 
Substrate 
near interface 
Grey phase (36), 
Figure 4-7 (a) 
0.3 99.7 - 
White phase (37), 
Figure 4-7 (a) 
19.9 36.3 43.8 
T2 
Starting slag composition* 32.7 19.2 48.1 
Crystalline slag (38), Figure 4-7 (b) 33.5 23.4 43.1 
Original substrate (39), Figure 4-7 (b) - 94.1 5.9 
Penetration 
layer 
Dark phase area (40),  
Figure 4-7 (b) 
- 100 - 
Grey phase area (41),  
Figure 4-7 (b) 
28.0 42.1 29.9 
Grey phase spots (42),  
Figure 4-7 (b) 
32.8 37.8 29.4 
T3 
Starting slag composition* 40.3 19.0 40.7 
Crystalline slag (43), Figure 4-7 (c)  38.3 25.2 36.5 
Substrate (44), Figure 4-7 (c) 4.6 88.8 6.6 
Penetration 
layer 
Shinny white phase (45), 
Figure 4-7 (c) 
38.4 35.3 26.3 
White phase (46),  
Figure 4-7 (c) 
25.6 42.8 31.6 
Pointy white phase in 
matrix (47), Figure 4-7 (c) 
24.5 52.4 23.1 
Grey dendritic phase 
(48), Figure 4-7 (c) 
8.2 91.1 0.7 
Dark phase of matrix 
(49), Figure 4-7 (c) 
- 100 - 
* Starting slag composition is that of measured via XRF analysis and given in 
Table 3-1.  
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Table 4-2 – continued: EDS analysis of the phases identified at the interface of 
the T-type slags-substrate systems. 
Substrate Slag 
Phase analysed, analysis number 
and relevant figure 
Composition in mass % 
CaO Al2O3 SiO2 MgO 
 
Spinel 
T1 
Starting slag composition* 25.5 17.4 57.1 - 
Crystalline slag (50), Figure 4-8 (a) 19.8 29.6 45.2 5.4 
Penetration 
layer 
Far from interface 
(51), Figure 4-8 (a) 
0.7 71.9 1.2 26.2 
Grey phase (52), 
Figure 4-8 (a) 
- 73.3 - 26.7 
White phase (53), 
Figure 4-8 (a) 
20.9 29.1 48.0 2.0 
T2 
Starting slag composition* 32.7 19.2 48.1 - 
Crystalline slag (54), Figure 4-8 (b) 27.1 31.5 37.8 3.6 
Penetration 
layer 
Far from interface, 
(55), Figure 4-8 (b) 
1.2 71.7 1.4 25.7 
Grey phase (56),  
Figure 4-8 (b) 
- 73.4 - 26.6 
White phase (57), 
Figure 4-8 (b) 
28.6 29.4 40.6 1.4 
T3 
Starting slag composition* 40.3 19.0 40.7 - 
Crystalline slag (58), Figure 4-8 (c) 32.7 31.5 32.3 3.5 
Penetration 
layer 
Far from interface, 
(59), Figure 4-8 (c) 
1.3 71.4 1.3 26.0 
Grey phase (60),  
Figure 4-8 (c) 
- 72.6 - 27.4 
White phase (61), 
Figure 4-8 (c) 
34.4 30.2 34.6 0.8 
* Starting slag composition is that of measured via XRF analysis and given in 
Table 3-1.  
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Table 4-2 – continued: EDS analysis of the phases identified at the interface of 
the L-type slags-substrate systems. 
Substrate Slag 
Phase analysed, analysis number 
and relevant figure 
Composition in mass % 
CaO Al2O3 SiO2 
Calcium 
aluminate 
T1 
Starting slag composition* 25.5 17.4 57.1 
Slag area (62), Figure 4-9 (a) 33.3 57.7 9.0 
Substrate (63), Figure 4-9 (a) 40.1 58.0 1.9 
Reaction/ 
penetration 
layer 
Dark phase (64),  
Figure 4-9 (a) 
25.3 72.6 2.1 
Grey phase (65),  
Figure 4-9 (a) 
39.8 57.9 2.3 
White phase (66),  
Figure 4-9 (a) 
45.2 34.7 20.1 
Sphere particle (67), 
Figure 4-9 (a) 
90.5 6.7 2.8 
T2 
Starting slag composition* 32.7 19.2 48.1 
Slag area (68), Figure 4-9 (b) 37.4 50.9 11.7 
Substrate (69), Figure 4-9 (b) 39.2 58.9 1.9 
Reaction/ 
penetration 
layer 
Dark phase (70),  
Figure 4-9 (b) 
24.5 72.9 2.6 
Grey phase (71),  
Figure 4-9 (b) 
45.3 35.7 19.0 
White phase (72),  
Figure 4-9 (b) 
45.1 33.8 21.1 
Sphere particle (73), 
Figure 4-9 (b) 
94.4 4.6 1.0 
T3 
Starting slag composition* 40.3 19.0 40.7 
Crystalline slag (74), Figure 4-9 (c) 34.0 13.2 52.8 
Original substrate (75), Figure 4-9 (c) 33.1 66.9 - 
Reaction/ 
penetration 
layer 
Dark phase (76),  
Figure 4-9 (c) 
20.4 79.3 0.3 
Grey phase (77), 
Figure 4-9 (c) 
33.2 66.2 0.6 
White phase (78),  
Figure 4-9 (c) 
38.6 38.5 22.9 
* Starting slag composition is that of measured via XRF analysis and given in 
Table 3-1.  
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The SEM micrographs from the corner of the slag-substrate interface (subject of 
Figure 4-3 (b)) are given in Figures 4-10 and 4-11 for L-type and T-type slags 
respectively. The depth of surface deformed by slag is also estimated in these 
figures and is given in Table 4-3.  
 
 
 or   
alumina-slag L1 alumina-slag L2 alumina-slag L3 
spinel-slag L1 spinel-slag L2 spinel-slag L3 
calcium aluminate-slag L1 calcium aluminate-slag L2 calcium aluminate-slag L3 
 
Figure 4-10: SEM backscattered images from the corner of the interface of      
L-type slags on different substrates, thicknesses noted on the micrographs 
represents the depth of wear/erosion/corrosion of substrate.  
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 or   
alumina-slag T1 alumina-slag T2 alumina-slag T3 
spinel-slag T1 spinel-slag T2 spinel-slag T3 
calcium aluminate-slag T1 calcium aluminate-slag T2 calcium aluminate-slag T3 
 
Figure 4-11: SEM backscattered images from the corner of the interface of      
T-type slags on different substrates, thicknesses noted on the micrographs 
represents the depth of wear/erosion/corrosion of substrate. 
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Table 4-3: The depth of substrate deformed/worn by slag in systems studied. 
Alumina Spinel Calcium aluminate 
Slag 
Depth of wear 
(µm) 
Slag 
Depth of wear 
(µm) 
Slag 
Depth of wear 
(µm) 
L1 80 L1 25 L1 150 
L2 95 L2 40 L2 240 
L3 150 L3 90 L3 250 
T1 15 T1 60 T1 - 
T2 90 T2 50 T2 - 
T3 - T3 50 T3 - 
 
Summary of the results 
 L-type and T-type slags generally penetrated/reacted with substrates tested. 
There can be seen a slag penetration layer of certain thickness for both      
L-type and T-type slags in the alumina and spinel substrates, the exemption 
being alumina-slag T1 system. For calcium aluminate however the nature of 
the reaction interface is different and more complicated than that of alumina 
and spinel. A summary of the reaction interface for the slag-substrate 
systems are given in Table 4-4.   
 The depth of the penetration layer in the spinel substrate is greater than that 
of alumina. 
 SEM micrographs showed that in T-type slags-calcium aluminate system 
there is no such a slag cap similar to that of observed in other systems on 
the substrate surface. It can also be seen that in this system the substrate 
edge is reached by slag. 
 Generally, the depth of wear/erosion/corrosion of the substrate surface 
increased with slag basicity (B). This was less pronounced for T-type slags. 
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Table 4-4: Summary on the nature of the reaction interface in the wetting 
systems studied. 
Slag 
Substrate type 
Alumina Spinel Calcium aluminate 
L1 
Slag penetration of 
substrate 
Slag penetration of   
substrate with no 
discernible product or 
intermediate phases 
No obvious slag 
penetration of the 
substrate though  
substrate, surface 
appears to be 
breaking up 
L2 
L3 
T1 
Largely unmodified 
substrate surface with 
no discernible slag 
penetration of the 
substrate 
Slag penetration of 
the  substrate with no 
discernible product or 
intermediate phases 
 
Difficult to assess 
due to experimental 
issues (see 
observation in 
section 4.1.1), 
there may be slag 
penetration of the 
substrate but it was 
difficult to establish 
the original slag-
substrate interface 
to assess  
T2 
Surface roughening of 
the substrate and slag 
penetration of the 
substrate, no 
discernible other 
phases formed in the 
penetration layer 
T3 
Surface roughening of 
the substrate and slag 
penetration of the 
substrate, evidence of 
reaction products in the 
penetration layer 
 
4.1.3. Slag Wetting on Substrates of Different Porosity 
Effect of substrate porosity on slag wetting and penetration was studied using   
L-type slags and spinel substrates. The   of slags L1, L2 and L3 on            
6.7%-porosity and 1.9%-porosity spinel substrates is given in Figures 4-12 (a) 
to 4-12 (c) respectively. 
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      (a) 
 
 
       (b) 
 
 
   (c) 
Figure 4-12:    of (a) slag L1 (b) slag L2 and (c) slag L3 on spinel substrates of 
different porosity. 
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The effect of porosity on the interaction between slag and substrate was also 
evaluated. The SEM images of the interface between slags L1, L2 and L3 on 
6.7%-porosity and 1.9%-porosity spinel substrates is given in Figures 4-13 (a) 
to 4-13 (c) respectively. The depth of penetration layer for these systems is 
given in Table 4-5.  
 
 
6.7%-porosity spinel substrate 
 
1.9%-porosity spinel substrate 
(a) 
 
 
6.7%-porosity spinel substrate 
 
1.9%-porosity spinel substrate 
(b) 
 
 
6.7%-porosity spinel substrate 
 
1.9%-porosity spinel substrate 
(c) 
Figure 4-13: SEM backscatter images of the interface between (a) slag L1 (b) 
slag L2 and (c) slag L3, and the spinel substrates of different porosity. 
 
Crystalline Slag 
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Table 4-5: The thickness of the penetration layer of L-type slags on spinel 
substrates of different porosity at 1500°C. 
Spinel substrate 
porosity (%) 
Slag 
depth of penetration 
layer (µm) 
6.7 
L1 350 
L2 430 
L3 320 
1.9 
L1 190 
L2 250 
L3 180 
 
Summary of the results 
 A similar trend of decreasing   with time was observed on spinel substrates 
of different porosity.   decreased rapidly in the first few seconds tending to a 
plateau value at the extended times. 
   of L-type slags on 6.7%-porosity spinel substrates was slightly lower than 
that of 1.9%-porosity substrates. 
 There was an approximately 80% decrease in depth of penetration of all the 
slags when the substrate porosity decreased from 6.7% to 1.9%. 
 
4.1.4. Slag-Substrate Penetration/Interaction in Short Timescale 
Effect of slag contact time on penetration of substrate material was assessed 
using slag L1 and a spinel substrate. SEM images of the slag L1-spinel 
substrate interface in three different contact regimes is given in Figure 4-14 (a) 
to 4-14 (c). The estimated contact time and the depth of slag penetration layer 
for each test is given in Table 4-6. 
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(a) 
 
 
                                                   (b) 
 
 
                                                     (c) 
Figure 4-14: SEM backscatter images of the slag L1-spinel substrate interface 
in (a) standard experiment, (b) rapid cooled on bench top and (c) a dip test.   
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Table 4-6: The estimated contact time and depth of slag penetration layer in 
different slag L1-spinel substrate contact regimes.  
Method 
Contact time 
(s) 
Depth of penetration layer 
(µm) 
Standard 900 190 
Rapid cooled on bench top 60 50 
Dip test 3 30 
 
A higher magnification image of the area marked with a dashed box in Figure  
4-14 (b) and 4-14 (c), showing the slag penetration in the short contact time is 
given in Figure 4-15. The position of the EDS spot analysis for the phases 
observed in the interface is also shown in Figure 4-15. The respective EDS 
compositions are given in Table 4-7.  
 
 
(a) 
 
                            (b) 
Figure 4-15: Higher magnification images of the dashed area marked in Figure 
4-14, showing the slag penetration and position of the spot analysis in (a) 
cooled on bench top experiment and (b) the dip test. 
 
Table 4-7: EDS spot analysis of phases in Figure 4-15. 
Test Phase 
Composition in mass % 
CaO Al2O3 SiO2 MgO 
Cooled on 
bench top 
Spinel (grey phase)  0.1 69.7 2.6 27.6 
Slag penetrated (white phase)  42.6 47.0 7.6 2.8 
Dip test 
Spinel (grey phase)  1.6 70.6 2.5 25.3 
Slag penetrated (white phase)  35.7 47.6 9.2 7.5 
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Summary of the results 
 The depth of penetration layer decreased from approximately 190µm in the 
standard experiment to ~50µm and ~30µm for the sample cooled on the 
bench top and the dip test respectively. 
 The composition of the dark phase in the penetration layer represents 
something close to the original spinel and the white phase is similar to that 
of the starting slag but enriched of alumina and depleted of magnesia in 
cooled on bench top test and depleted of CaO in the dip test. 
 There is evidence of slag penetrating/reacting with the substrate at all 
timescales assessed. 
 
4.2. Application of Choi and Lee [7] Wetting Model 
The applicability of the Choi and Lee [7] wetting model to represent the dynamic 
wetting behaviour of liquid slag on inclusion substrates was studied. This model 
is given in Equation 2-56: 
    ( )                  
  (          
           
 )    (   )]       (    )]  
Definition of the symbols is given in section 2.3.2. In order to apply this model 
the factor b of Equation 2-56 was evaluated for the slag-substrate systems used 
in this study. Using Choi and Lee’s b-roughness correlation for glycerol on glass, 
reproduced in Figure 4-16, the value of b were estimated to be 0.346 from the 
average of the measured roughness,   , for three substrates 
 
 
Figure 4-16:   vs. average of    for three substrates. 
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The experimental results were then fitted in this model using a non-linear 
regression technique [183] and the fitting terms       
        
    and   were 
determined for each slag composition. Lines that represent the model fit are 
given in Figures 4-1 and 4-2 for T-type and L-type slags respectively. From 
these figures it can be seen that the model is in good agreement with the 
experimental results, with the fitting parameter R2, for majority of runs > 0.99 and 
all runs > 0.95. The       
        
    and   values obtained are given in Table 4-8 
for the systems studied. 
 
Table 4-8: Fitting parameters obtained for Choi and Lee model [7], Equation     
2-56. 
Substrate Slag       
        
      
Alumina 
T1 54.4 27.0 0.074 3.792 
T2 44.4 22.1 0.115 2.829 
T3 33.6 20.0 0.111 2.134 
L1 26.2 15.6 0.026 2.766 
L2 26.1 21.6 0.090 4.054 
L3 20.2 19.1 0.171 4.943 
Spinel 
T1 34.6 14.8 0.053 3.300 
T2 26.7 13.8 0.085 4.495 
T3 20.7 14.6 0.129 7.448 
L1 30.7 17.7 0.123 3.878 
L2 25.0 17.6 0.088 5.205 
L3 24.2 19.0 0.180 6.888 
Calcium 
aluminate 
T1 30.6 12.2 0.202 4.680 
T2 18.0 7.0 0.123 3.886 
T3 17.2 5.4 0.213 5.305 
L1 21.9 9.8 0.083 4.442 
L2 17.9 8.1 0.063 4.735 
L3 19.5 11.8 0.106 6.408 
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4.3. Measurement of Inclusion Dissolution in Slag using the 
LSCM 
The dissolution rate of sapphire and alumina-magnesia particle in slags used is 
given in Figure 4-17 and 4-18 respectively. The results given are from time 
zero, as defined in section 3.2.1, to the time when resolution of the particle 
border was no longer achievable. Details of the   values and the raw 
measurements showing the rate of dissolution are given in Appendix X.   
 
 
         (a) 
 
 
            (b) 
 
       (c) 
 
 
Figure 4-17: Dissolution rate data for sapphire particles of (a) 0.2mm, (b) 0.3mm 
and (c) 0.4mm in slags T1 to T3 (the particle size given is the nominal diameter 
of the sphere particles).  
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Figure 4-18: Dissolution rate data for 0.4mm alumina-magnesia particle in slags 
T1 to T3 (the particle size given is the nominal diameter of the sphere particles). 
 
Summary of the Results 
 The rate of dissolution increased from slag T1 to T3 for both sapphire and 
the alumina-magnesia particles. 
 Dissolution of 0.4mm alumina-magnesia was faster than that of 0.4mm 
sapphire in slags T1 and T2 but not in slag T3. 
 While the  /   vs. time plots generally represented a linear decreasing 
trend, it can be seen that for some experiments there are sharp changes in 
the slope of  /   vs. time plots, representing non-linear trends (see  /   vs. 
time plots for 0.3mm and 0.4mm sapphire particles in slag T1 in Figures     
4-17 (b) and 4-17 (c) respectively). This was due to the particular conditions 
the particle encountered throughout the experiment, explained in the 
observations and detailed in Appendix X. 
 
Observations 
 In some experiments after a period of time, the inclusion particle sank to the 
bottom of the crucible. This happened with more frequency for the larger 
(>0.2mm) particles. When this occurred, it caused a decrease in dissolution 
rate of the inclusions. This can be seen in Figures 4-17 (b) to 4-17 (c) and 
Figure 4-18 where the gradient of the dissolution curves decreased. The 
time at which the inclusion sank is noted with the raw data given in   
Appendix X noted as   (bottom).  
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 In some experiments the particle may have been spinning when dissolving. 
Due to the lack of observable features on the particle this proved difficult to 
quantify. 
 
4.3.1. Slag-Inclusion Interface Assessment 
In selected dissolution experiments the reaction was arrested and the slag-
inclusion interface was characterised using SEM and EDS. EDS line analysis 
from the bulk slag toward the dissolving particle might be useful for identification 
of the mechanism of reaction. The concentration change of the elements/oxides 
through the bulk slag, slag-particle interface and dissolving particle, and the 
nature of the slag-particle interface may offer physical evidence for stablishing 
the mechanism of dissolution.  
 
The results of this SEM-EDS analysis are given in Figures 4-19 and 4-20 for 
sapphire and in Figures 4-21 and 4-22 for the alumina-magnesia particle. The 
intra particle compositions in the central region (see Figures 4-19 (b), 4-20 (b), 
4-21 (b) and 4-22 (b)) are consistent with the original particle composition. 
Table 4-9 gives equivalent Al and Mg concentration for the original sapphire and 
alumina-magnesia particles.  
 
Table 4-9: The mass% of Al and Mg in the original sapphire and alumina-
magnesia particles. 
Particle %Al %Mg 
Sapphire 52.9 - 
Alumina-magnesia 47.0 7.2 
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Figure 4-19 (a): SEM image and EDS mapping analysis of the sapphire-slag T1 
interface. 
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Figure 4-19 (b): EDS line analysis of the sapphire-slag T1 interface. 
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Figure 4-20 (a): SEM image and EDS mapping analysis of the sapphire-slag T3 
interface. 
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Figure 4-20 (b): EDS line analysis of the sapphire-slag T3 interface. 
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Figure 4-21 (a): SEM image and EDS mapping analysis of the alumina-
magnesia particle-slag T1 interface. 
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Figure 4-21 (b): EDS line analysis of the alumina-magnesia particle-slag T1 
interface. 
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Figure 4-22 (a): SEM image and EDS mapping analysis of the alumina-
magnesia particle-slag T3 interface. 
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Figure 4-22 (b): EDS line analysis of the alumina-magnesia particle-slag T3 
particle interface. 
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Summary of the results 
 EDS mapping and line analysis showed there is a concentration gradient of 
the elements (significantly for Al and Si) from slag-particle interface out to 
the slag bulk for both sapphire and alumina-magnesia particles in slags 
used. The exception being the slag T1 with alumina-magnesia particle 
(Figure 4-21 (a)). In this system there may have been a gradient though it is 
not clear. 
 The slag T1 with the alumina-magnesia particle showed evidence of a two-
phase layer around the particle. 
 This two-phase layer had an Mg rich phase consistent with an enriched 
original particle and a pure (new) alumina phase. 
 
4.4. MTDATA [171] Thermodynamic Phase Stability Diagrams 
The isopleths representing the phase stability in the systems studied were 
calculated using MTDATA [171] thermodynamic software and are given in 
Figures 4-23 to 4-25 for L-type slags and in Figure 4-26 to 4-28 for T-type slags 
on alumina, spinel and calcium aluminate respectively. The isopleths 
representing the alumina-magnesia particle with slags T1 to T3 are also given in 
Figures 4-29 (a) to 4-29 (c) respectively. Using Figure 4-23 as an example, the 
x-axis, the mass fraction of slag L1 represents mass of slag L1 divided by the 
sum of mass of slag L1 and mass of alumina. This approach is used for all 
diagrams in this section. 
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Figure 4-23 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag L1 system. 
 
 
Figure 4-23 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag L2 system. 
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Figure 4-23 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag L3 system. 
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Figure 4-23 – continued: A key of phase labels given in Figures 4-23 (a) to       
4-23 (c). 
 
 
 
OXIDE_LIQUID 
+SPINEL+CA6 
+CORUNDUM 
A 
OXIDE_LIQUID 
+SPINEL+CA6 
+CA2 
OXIDE_LIQUID 
+SPINEL+CA2 
OXIDE_LIQUID  
OXIDE_LIQUID      
+SPINEL 
SPINEL+CA6 
+FELDSPAR+ 
CORUNDUM 
MELILITE+SPINEL
+CA6 +CA2 
MELILITE+ 
SPINEL+ CA2+ 
CA 
OXIDE_LIQUID 
+MELILITE+ 
SPINEL+ CA 
B 
C D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
O 
P 
Q 
R 
S 
T 
V 
U 
W X 
Y 
Z 
Alumina                          Mass Fraction of Slag L3                          Slag L3  
130 
 
Phase field Phase represent 
O OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
P OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S + HALITE 
Q OXIDE_LIQUID + SPINEL + CA2 + CA 
R OXIDE_LIQUID + SPINEL + CA 
S C3A2M + CA + OXIDE_LIQUID +  ALPHA_PRIME_C2S 
T C3A2M + CA + C12A7 +  ALPHA_PRIME_C2S 
U C3A2M + C3A + C12A7 +  ALPHA_PRIME_C2S 
V C3A2M + C3A + ALPHA_PRIME_C2S + HALITE 
W C3A2M + OXIDE_LIQUID + ALPHA_PRIME_C2S 
X C3A2M + OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
Y C3A2M + OXIDE_LIQUID + C3A + ALPHA_PRIME_C2S 
Z OXIDE_LIQUID + C3A + ALPHA_PRIME_C2S + HALITE 
Figure 4-23 – continued: A key of phase labels given in Figures 4-23 (a) to       
4-23 (c). 
 
 
Figure 4-24 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag L1 system. 
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Figure 4-24 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag L2 system. 
 
 
Figure 4-24 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag L3 system. 
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Phase field Phases present 
AA MELILITE + SPINEL 
AB OXIDE_LIQUID + MELILITE + SPINEL 
AC OXIDE_LIQUID + MELILITE + SPINEL + CA 
AD MELILITE + SPINEL + CA + ALPHA_PRIME_C2S 
AE SPINEL + CA + ALPHA_PRIME_C2S 
AF OXIDE_LIQUID + MELILITE + SPINEL+ ALPHA_PRIME_C2S 
AG OXIDE_LIQUID + SPINEL + CA + ALPHA_PRIME_C2S 
AH C3A2M + SPINEL + CA + ALPHA_PRIME_C2S 
AI OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S 
AJ C3A2M + OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S 
AK OXIDE_LIQUID + HALITE 
AL OXIDE_LIQUID + ALPHA_PRIME_C2S 
AM OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
AN C3A2M + SPINEL + ALPHA_PRIME_C2S 
AO OXIDE_LIQUID + ALPHA_C2S + HALITE 
AP C3A2M + OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
AQ OXIDE_LIQUID + C3A + ALPHA_PRIME_C2S + HALITE 
AR C3A2M + C3A + ALPHA_PRIME_C2S + HALITE 
Figure 4-24 – continued: A key of phase labels given in Figures 4-24 (a) to       
4-24 (c). 
 
 
Figure 4-25 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag L1 system. 
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Figure 4-25 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag L2 system. 
 
 
Figure 4-25 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag L3 system. 
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Phase field Phase present 
AS OXIDE_LIQUID + SPINEL + CA 
AT OXIDE_LIQUID + MELILITE + SPINEL + CA 
CU OXIDE_LIQUID + SPINEL + CA + ALPHA_PRIME + C2S 
DV OXIDE_LIQUID + SPINEL 
EW OXIDE_LIQUID + MELILITE + SPINEL 
FX OXIDE_LIQUID + MELILITE + SPINEL + ALPHA_PRIME_C2S 
GY OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S 
HZ OXIDE_LIQUID + ALPHA_PRIME_C2S 
BA OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
BB OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S + HALITE 
BC C3A2M + OXIDE_LIQUID + SPINEL + ALPHA_PRIME_C2S 
BD C3A2M + OXIDE_LIQUID + CA + ALPHA_PRIME_C2S 
BE C3A2M + CA + C12A7 + ALPHA_PRIME_C2S 
BF OXIDE_LIQUID + C3A + ALPHA_PRIME_C2S + HALITE 
BG C3A2M + OXIDE_LIQUID + C3A + ALPHA_PRIME_C2S + HALITE 
BH C3A2M + OXIDE_LIQUID + ALPHA_PRIME_C2S 
BI C3A2M + OXIDE_LIQUID + ALPHA_PRIME_C2S + HALITE 
BJ C3A2M + C3A + C12A7 + ALPHA_PRIME_C2S 
BK C3A2M + C3A + ALPHA_PRIME_C2S + HALITE 
Figure 4-25 – continued: A key of phase labels given in Figures 4-25 (a) to       
4-25 (c). 
 
 
Figure 4-26 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag T1 system. 
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Figure 4-26 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag T2 system. 
 
 
Figure 4-26 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-slag T3 system. 
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Phase field Phase represent 
BL OXIDE_LIQUID + FELDSPAR + CORUNDUM 
BM OXIDE_LIQUID + FELDSPAR + MULLITE 
BN FELDSPAR + MULLITE 
BO FELDSPAR + MULLITE + TRIDIMITE 
BP OXIDE_LIQUID + FELDSPAR + TRIDIMITE 
BQ OXIDE_LIQUID + FELDSPAR + PSEUDO_WOLLASTONITE 
BR MELILITE + FELDSPAR + PSEUDO_WOLLASTONITE 
BS CA6 + OXIDE_LIQUID + MELILITE 
Figure 4-26 – continued: A key of phase labels given in Figures 4-26 (a) to       
4-26 (c). 
 
 
Figure 4-27 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag T1 system. 
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Figure 4-27 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag T2 system. 
 
 
Figure 4-27 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the spinel-slag T3 system. 
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Phase field Phase represent 
BT OXIDE_LIQUID + FELDSPAR + OLIVINE 
BU MELILITE + CLINOPYROXEN + FELDSPAR + OLIVINE 
BV OXIDE_LIQUID + CLINOPYROXEN + FELDSPAR + OLIVINE 
BW CLINOPYROXEN + FELDSPAR + OLIVINE 
BX OXIDE_LIQUID + CLINOPYROXEN + FELDSPAR 
BY OXIDE_LIQUID + CLINOPYROXEN + FELDSPAR + TRIDIMITE 
BZ CLINOPYROXEN + FELDSPAR + TRIDIMITE 
CA OXIDE_LIQUID + MELILITE + FELDSPAR 
CB OXIDE_LIQUID + FELDSPAR + PSEUDO_WOLLASTONITE 
CC OXIDE_LIQUID + FELDSPAR + WOLLASTONITE + 
PSEUDO_WOLLASTONITE 
CD MELILITE + FELDSPAR + WOLLASTONITE 
CE MELILITE + FELDSPAR + PSEUDO_WOLLASTONITE 
CF MELILITE + FELDSPAR + WOLLASTONITE + PSEUDO_WOLLASTONITE 
CG OXIDE_LIQUID + MELILITE + FELDSPAR + PSEUDO_WOLLASTONITE 
Figure 4-27 – continued: A key of phase labels given in Figures 4-27 (a) to       
4-27 (c). 
 
 
Figure 4-28 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag T1 system. 
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Figure 4-28 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag T2 system. 
 
 
Figure 4-28 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the calcium aluminate-slag T3 system. 
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Phase field Phase represent 
CH CA + OXIDE_LIQUID  
CI CA2 + OXIDE_LIQUID 
CJ CA2 + CA + OXIDE_LIQUID  
CK CA + OXIDE_LIQUID + MELILITE  
CL CA + MELILITE + ALPHA_PRIME_C2S  
CM CA +  C12A7 + ALPHA_PRIME_C2S  
CN CA2 + OXIDE_LIQUID + MELILITE  
CO OXIDE_LIQUID + MELILITE  
CP CA6 + OXIDE_LIQUID + MELILITE 
CQ CA6 + MELILITE + CORUNDUM  
CR OXIDE_LIQUID + FELDSPAR + PSEUDO_WOLLASTONITE 
CS CA + OXIDE_LIQUID + ALPHA_PRIME_C2S 
CT MELILITE + FELDSPAR + CORUNDUM  
Figure 4-28 – continued: A key of phase labels given in Figures 4-28 (a) to       
4-28 (c). 
 
-  
Figure 4-29 (a): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-magnesia particle-slag T1 system. 
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Figure 4-29 (b): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-magnesia particle-slag T2 system. 
 
 
Figure 4-29 (c): The MTDATA [171] thermodynamic calculation showing the 
phase stability in the alumina-magnesia particle-slag T3 system. 
 
 
 
 
OXIDE_LIQUID + SPINEL + CORUNDUM 
OXIDE_LIQUID  
+ SPINEL  OXIDE_LIQUID 
OXIDE_LIQUID + SPINEL + FELDSPAR + CORUNDUM 
MELILITE + SPINEL + FELDSPAR + CORUNDUM 
MELILITE + SPINEL + CA6 + 
FELDSPAR 
DE 
OXIDE_LIQUID + SPINEL + 
CA6 + FELDSPAR 
OXIDE_LIQUID  
+ FELDSPAR 
CV 
MELILITE + 
SPINEL + 
FELDSPAR 
DF 
DG 
DG 
DI 
DH 
DJ 
DK 
DL 
Alumina-magnesia              Mass Fraction of Slag T2                                Slag T2  
OXIDE_LIQUID 
OXIDE_LIQUID + 
 SPINEL  
OXIDE_LIQUID + 
 SPINEL + CA6 
OXIDE_LIQUID + 
 SPINEL + CA6 + 
CORUNDUM 
OXIDE_LIQUID + SPINEL + CORUNDUM 
SPINEL + CA6 
+ FELDSPAR + 
CORUNDUM 
OXIDE_LIQUID +  
SPINEL + CA6 + FELDSPAR 
MELILITE + SPINEL + CA6 + FELDSPAR 
MELILITE + SPINEL + CA6 + FELDSPAR 
DF DG 
OXIDE_LIQUID 
    + MELILITE 
DH 
DI 
DE 
MELILITE +  
SPINEL +  
FELDSPAR 
OXIDE_LIQUID 
+ MELILITE +  
FELDSPAR 
DK 
Alumina-magnesia              Mass Fraction of Slag T3                                Slag T3  
DJ 
142 
 
Phase field Phase represent 
CU OXIDE_LIQUID + FALDSPAR + CORUNDUM 
CV OXIDE_LIQUID + SPINEL + FELDSPAR 
CW OXIDE_LIQUID +  SPINEL + FELDSPAR + MULLITE + CORUNDUM 
CX SPINEL + FELDSPAR + MULLITE  
CY SPINEL + FELDSPAR + CORUNDUM + MULLITE 
CZ SPINEL + FELDSPAR + CORUNDUM 
DA OXIDE_LIQUID +  SPINEL + FELDSPAR + CORUNDUM 
DB OXIDE_LIQUID +  SPINEL + FELDSPAR + OLIVINE 
DC SPINEL + FELDSPAR + CORUNDUM + OLIVINE 
DD OXIDE_LIQUID +  CLINOPYROXINE +  FELDSPAR + TRIDYMITE 
DE SPINEL + CA6 + FELDSPAR  
DF OXIDE_LIQUID +  MELILITE + SPINEL + FELDSPAR 
DG OXIDE_LIQUID +  MELILITE + FELDSPAR 
DH OXIDE_LIQUID + FELDSPAR + PSEUDO_WOLLASTONITE 
DI MELILITE + FELDSPAR + PSEUDO_WOLLASTONITE 
DJ OXIDE_LIQUID +  MELILITE + FELDSPAR + PSEUDO_WOLLASTONITE 
DK MELILITE + FELDSPAR + WOLLASTONITE + PSEUDO_WOLLASTONITE 
DL OXIDE_LIQUID + FELDSPAR + WOLLASTONITE + PSEUDO_WOLLASTONITE 
Figure 4-29 – continued: A key of phase labels given in Figures 4-29 (a) to       
4-29 (c). 
 
Summary of the results 
 All systems show a significant liquid phase region at 1500°C, the 
experimental temperature. 
 With the exception of slag T1-alumina (Figure 2-26 (a)) the MTDATA [171] 
thermodynamic phase stability diagrams showed that for the systems 
studied at 1500°C, liquid phase was always present. In the alumina-slag T1 
system, liquid slag was only present at a mass fraction of slag > ~0.75. 
Depending on the system (slag type and substrate phase) and the relative 
mass of the slag and substrate considered this phase could be in equilibrium 
with anything from 1 to 3 other phases. 
 While slag T1 to slag T3 on the calcium aluminate substrate has a liquid 
present throughout the possible composition range at 1500°C, the high CA 
composition couples the solidus temperature was close to 1500°C. 
 The predicted phases and in particular the predicted extensive liquid phase 
regions at 1500°C indicate that significant reaction between the slags and 
substrates can be expected. 
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5. Discussion 
Inclusions are normally removed from steel by reacting with a slag. In this 
process the inclusions must transfer across the steel-slag interface and dissolve 
in the slag [2].  
 
Understanding this transfer and dissolution process requires an improved 
knowledge of interfacial/wetting chemistry of the steel-inclusion system, the 
inclusion-slag system and the oxide-slag dissolution kinetics respectively.  
 
In a literature review carried out on inclusion removal, little data were found that 
were relevant to inclusion wetting/interfacial chemistry. Further, there were only 
limited data on the rate of reaction and reaction mechanism of inclusion 
dissolution in slags. 
 
In this chapter the results obtained will be discussed in a way to serve the core 
aims and objectives of this study and deal with the issues raised in the literature 
review. 
   
Section 5.1.: The change of   (slag-substrate dynamic wetting) with time, slag 
type and substrate type will be addressed. A list of factors which may cause the 
change of   with time, slag type and substrate type will be identified and 
discussed.  
 
Section 5.2.: Slag wetting and/or penetration in substrates of different porosity 
and short contact times will be discussed. 
 
Section 5.3.: The   behaviour for the systems studied will be modelled using the 
Choi and Lee [7] dynamic wetting model. The applicability of the model to 
represent the physical nature of the slag-substrate systems will be also 
evaluated. 
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Section 5.4.: The interfacial tension of the slag-substrate systems studied will 
be calculated using the results of   measurements. The challenges associated 
with the interfacial tension calculations will be evaluated. The calculated 
interfacial tension values will be discussed with regard to the slag structure and 
physical properties.  
   
Section 5.5.: The inclusion dissolution results will be used to evaluate the rate-
controlling mechanism. The shrinking core model (SCM) will be used to 
evaluate the dissolution kinetics. 
 
Section 5.6.: An attempt will be made to assess how readily the inclusions are 
removed from steel. This will be based on the concept of work of adhesion. 
 
5.1. Assessment of  , Slag-Substrate Dynamic Wetting 
Evaluation of the   measurement showed that   decreased rapidly in the first 10 
seconds tending to a plateau value at approximately 30 to 70 seconds for slag 
types on different substrates. The slow approach to a plateau value indicates 
the reaction is still occurring albeit slowly. It was also observed that the change 
of   is a function of time, slag and substrate. The change of   with time, slag 
and substrate may be caused by a number of factors.  
 
5.1.1. Change of   with Time 
The change of   with time may be a result of slag-substrate reactivity, the rate-
controlling mechanism of the slag-substrate reaction (kinetics), momentum/ 
dampening effects resulting from the technique of adding slag to the substrate 
and perhaps liquid slag structure changing with changing slag composition as a 
result of reactivity. These factors will be considered in the following subsections. 
  
5.1.1.1. Reactivity as assessed from thermodynamic modelling 
The MTDATA [171] isopleths representing the slag-substrate systems studied, 
given in Figures 4-23 to 4-28, show that numerous multiphase regions are 
possible at the experimental temperature of 1500°C. Ignoring kinetic effects, the 
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specific phase(s) that would form are indicated by the relative masses (mass 
fraction) of the slag and substrate. Therefore from a simple thermodynamic 
perspective, Figures 4-23 to 4-28 show that it would be expected that there 
would be a reaction between the liquid slag and substrate.    
  
5.1.1.2. Reactivity as assessed from characterisation of slag-
substrate interface 
The characterisation data (SEM, EDS, slag penetration of substrate, slag 
reaction with substrate and erosion of substrate) given in Figures 4-4 to 4-11 
and 4-13 to 4-15, and Tables 4-1 to 4-3 and 4-5 to 4-7 are indicative of a 
reactive system and are broadly consistent with the thermodynamic modelling. 
This reaction likely explains the majority of the change of      (the wetting angle 
at time zero) to          (the wetting angle at extended times) shown in Figures 
4-1 and 4-2. 
 
The reaction characteristics of the slag-substrate interface are given in detail in 
Appendix XI. Key phases identified and assessed via microscopy and EDS 
analysis are discussed and compared with the thermodynamic modelling. Key 
points from the assessment detailed in Appendix XI are: 
1. There is significant reaction of the slag with the substrate (see Figures 4-4 to 
4-11 and Figures 4-13 to 4-15). The reaction of the slag with the three 
substrate systems has resulted in significantly different slag-substrate 
interfaces. A summary of interface reaction characteristics for the specific 
slag-substrate systems is given in Table 4-4. The nature/specifics of the 
reaction interface for the systems studied with respect to substrates are 
briefly explained as follows: 
      For the spinel substrates it can be seen that a slag penetration/ 
reaction layer has formed at the interface for both the L-type and T-type 
slags. The penetration is into the pores and along the grain boundaries of 
the substrate. EDS composition analysis of the phases identified in the 
penetration layer of both L-type and T-type slags in spinel substrate is 
broadly consistent with the thermodynamically predicted phases in Figures 
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4-24 (a) to 4-24 (c) for L-type slags and in Figures 4-27 (a) to 4-27 (c) for    
T-type slags.  
 
       The characteristics of the reaction interface for alumina substrate 
were dependant on slag type (L or T) and composition. For the L-type slags 
there was a thin penetration layer (~25µm thin) at the slag-substrate 
interface. EDS analysis of this layer indicates that the composition, although 
primarily that of the substrate, was slightly enriched by the slag oxide 
components (Figure 4-4 (a) to 4-4 (c)). For T-type slags the interface 
appears largely unmodified by slag T1, but using T2 and T3 slags appear to 
cause roughening of the substrate. There is also evidence of slag 
penetration/reaction of substrate for T2 and T3, see Figures 4-7 (b) and 4-7 
(c). Where it was possible to get EDS analysis of discrete phases present in 
the penetration, it was found that they were broadly consistent with those 
predicted by thermodynamic analysis (Figures 4-26 (b) and 4-26 (c)). 
  
      For the calcium aluminate substrate, there was no simple reaction or 
obvious penetration layer similar to those found for alumina and spinel. A 
significant reaction of both slag types (T and L) and the calcium aluminate 
substrate was evident. For the L-type slags it would appear that there are 
pieces of the substrate breaking off into the slag. Experimental difficulties 
with T-type slags (see observations in section 4.1.1) preclude meaningful 
comment. EDS analysis from the phases identified in the reaction layer of 
both L-type and T-type slags in the calcium aluminate substrate is generally 
consistent with that predicted by thermodynamic analysis as given in Figures 
4-25 (a) to 4-25 (c) for L-type slags and in Figures 4-28 (a) to 4-28 (c) for T-
type slags. 
 
2. There is a time dependence to the penetration/reaction layers both in terms 
of local changes in composition and depth of penetration (see Tables 4-1,   
4-2 and 4-7 for EDS analysis and Tables 4-3 and 4-6 for penetration depth). 
This time dependency for the penetration layer is not surprising and can be 
predicted from slag modelling/penetration studies into solids. An example of 
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such an approach representing slag penetration into refractories is given in 
Equation 5-1 [184]: 
         .    
 
 
/ .
   
 
/            (5-1)        
where   is slag penetration depth,   is pore radius,   is time,   is wetting 
angle,     is slag-vapour interfacial tension and   is slag viscosity. Equation 
5-1 shows that for all things being equal, an increase in time increases 
penetration. Kinetic models representing reaction product layer formation 
would also show increases in layer thickness with time. 
 
The loss of slag volume associated with penetration or reaction (and its time 
dependence) would impact on the measured contact angle. This would be 
the case even if the penetrating slag was not reacting with the substrate. 
There are other reactions taking place though as the slag is not just 
penetrating the substrate (see Tables 4-1 and 4-2 showing EDS analysis of 
the penetrating slag and reacted substrates). 
 
5.1.1.3. Reactivity as assessed from the distortion of the substrate 
surface 
The distortion of the substrate surface, as evaluated in Figures 4-10 and 4-11, 
is further evidence of slag-substrate reaction. The wear depth of these slags on 
the substrates is given in Table 4-3. These figures show an increase in 
erosion/corrosion depth with changing slag composition/increasing slag basicity. 
While the erosion/corrosion effects would be expected to distort the measured   
[82] they have not been accounted for in the sessile drop measurement of  . 
This is a limitation of the technique and a consequence of the challenges of 
high temperature measurements on slags. These distortion effects are likely to 
be time-dependent. This effect is likely in part to be responsible for the change 
in measured   with time. 
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5.1.1.4. Momentum from adding slag to substrate 
The rapid change of   with time in the first few seconds may also be due to 
momentum from adding slag to the substrate. This has not been evaluated in 
this study. 
 
5.1.1.5. Change of slag composition/structure with time 
It is well known that changes in slag composition can result in changes in slag 
structure [168]. This change in slag structure is likely to have an impact on the 
measured  and changes  with time. In metallurgical slag systems, the concept 
of acid and base slags is used as a proxy for slag structure. Acid slags have 
larger more complex ions than basic slags; they may be ring structures or long 
chain ions built from the Si tetrahedron [185, 186]. In contrast, basic slags 
contain ions based on the simple Si tetrahedron, basic cations and excess O2- 
ions [185, 186]. The large structures associated with acid slags require greater 
shear forces than basic slags to induce movement resulting in an increased 
viscosity. Further, these large structures can be broken down by the addition of 
basic slag components, for example, silica tetrahedra dimer reacting with a 
base which is given in reaction 5-2. 
     
            
                                                                                      (5-2) 
The O2- is supplied from a basic oxide. Reaction 5-2 can be run from left to right 
or from right to left depending on whether the slag is becoming more basic or 
acidic. The point where there are no more chains/rings to break down is the 
point of neutrality or transition from acidic to basic slag. Any further base 
addition results in an excess of O2- (increased basicity).  
 
The EDS area analysis from the slag phase for the systems studied, given in 
Table 4-1 and 4-2, show that the slag composition changed from its initial 
composition (see Table 3-1) on reaction with the substrate. As a general trend, 
it was found that for all the systems studied, the slag composition has become 
enriched of Al2O3 and depleted of CaO (see analysis No. 1, 4, 7, 10, 14 and 18 
in Table 4-1 and analysis No. 34, 38, 43, 50, 54 and 58 in Table 4-2). The 
magnitude of this change is however varied for different systems. Such an 
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increase of the amphoteric reagent (Al2O3) and decrease of basic reagent 
(CaO) is likely to cause the slag structure to become a more complex acidic-like 
structure. Changes in slag composition/structure effects on  will be discussed 
in more detail in the following section. 
 
5.1.2. Change of   with Starting Slag Composition/Structure 
In addition to the slag composition changing with time discussed previously, 
there were different slag types used (T-type and L-type) and within those types 
the composition was varied. The T-type and L-type slags could be classified as 
acid and base respectively. 
 
While basicity of the slag infers a structure, there is no universal approach to 
basicity that fully represents structure through a broad composition range from 
acid to base [168]. This has resulted in a number of empirical and semi-
empirical approaches that deal with composition-slag structure models [168]. To 
ensure that slag structure effects on  are adequately assessed, three 
approaches, basicity   (Equation 2-76) [168, 169], optical basicity (Equation 
2-77) [168], and       (Equation 2-78) [168] to represent slag structure that 
range from purely empirical to semi-empirical are used. These equations are 
defined below. Full definitions of all symbols are given in section 2.6.3. 
  
    
            
  
                      
    ⁄     
   ⁄   
It should be noted the choice of   was based on an easy to use standard 
definition of basicity; the choice of  and       was due to their successful use 
in representing the structure of liquid slags.  
 
 ,   and       were calculated for slag compositions representing (a)      and 
(b)          for all slag systems studied and appropriate plots given in Figures   
5-1 to 5-3 respectively. Single oxide optical basicity parameters used in 
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Equation 2-77 are those recommended by Sommerville and Yang [170]. The 
molecular weights for CaO, Al2O3, SiO2 and MgO used in Equation 2-78 for 
calculation of     ⁄  are 56.1, 102, 60.1 and 40.3 g/mol respectively [187]. The 
values of components in Equation 2-76 for the calculation of   are the 
measured values through slag composition XRF analysis given in Table 3-1. 
 
 
  (a) 
 
      (b) 
Figure 5-1: Effect of slag basicity,  , on (a)      and (b)         . 
 
 
                                 (a) 
 
          (b) 
Figure 5-2: Effect of slag optical basicity,  , on (a)      and (b)         . 
 
 
         (a) 
 
         (b) 
Figure 5-3: Effect of slag       on (a)      and (b)         . 
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From Figures 5-1 (a), 5-2 (a) and 5-3 (a), it can be seen that the      decreased 
by increasing slag B,   and NBO/T for both T and L type slags. It can also be 
seen that the trend of decrease of      with B,   and NBO/T is more 
pronounced for T-type slags than for L-type slags. 
Figure 5-1 (b), 5-2 (b) and 5-3 (b) showed a different trend of change of          
with B,   and NBO/T for L-type and T-type slags. While the          of L-type 
slags is independent of B,   and NBO/T for T-type slags, the          decreased 
with increasing B,   and NBO/T. This trend is less pronounced than that found 
for     . 
 
This sensitivity of      and          in the acid (T-type) slags is likely explained 
by the fact that changes in slag composition in this regime have a more 
profound effect on both slag viscosity and structure than in the basic slags. 
Changes in slag structure in the acid regime can be represented by reactions of 
the type in Equation 5-2. This results in a significant change in size and 
complexity of the silica chain/ring. 
 
In the basic regime, changes in composition represent relatively modest 
changes in cation size and relative proportions of cations, silica tetrahedra and 
O2- ions. This effect could also be represented by viscosity, see Figure 2-28 and 
2-29 and Table 5-1. Figures 2-28 (representing quarterly slag systems) and     
2-29 (representing a simple CaO-SiO2 slag system) show the change in 
viscosity of a slag with basicity. From these figures, it can be seen that in the 
acid regime (high SiO2 slags) the slope is very steep with respect to basicity 
and therefore very sensitive to small changes in basicity (composition). The 
converse is true for the basic regime.  
 
Table 5-1 has data for slag structure parameters ( ,   and      ), and 
physical properties including liquid slag-vapour interfacial tension (   ), slag 
density (ρ) and viscosity (η). The η data were calculated via the Riboud model 
[188]. This model makes use of the Weymann or Frenkel relationship given in 
Equation 5-3. 
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                                                                                                    (5-3) 
where   is temperature and,   and   depend on the mole fraction of slag 
constituents. More detail on the calculation of slag η via the Riboud model [188] 
is given in Appendix XII. 
The η data in Table 5-1 show that there is a large decrease in slag viscosity 
from slag T1 to T3 compared to that from L1 to L3.  
 
Table 5-1: Physical properties and structure parameters of the slags. 
Slag       (mN/m)   (Pa.s) ρ (kg/m
3)   NBO/T 
T1 0.34 408 7.894 2565.7 0.59 0.44 
T2 0.49 443 3.013 2629.1 0.63 0.67 
T3 0.68 472 1.092 2672.4 0.66 1.01 
L1 0.81 597 0.266 2745.2 0.75 0.97 
L2 0.99 594 0.140 2734.5 0.76 1.41 
L3 1.20 595 0.081 2728.6 0.77 1.87 
 
In Table 5-1, values of  ,   and       were calculated using Equations 2-76 to 
2-78 respectively as detailed in sections 2.6.3 and 5.1.2. In this table the     
values were calculated using the NPL Slags Model [127]. The basis of the NPL 
Slags Model for calculation of     is the application of the partial molar surface 
tension of the slag constituents (  ) according to Equation II-1:  
                       
where   and   are the partial molar surface tension and mole fraction of the 
slag constituents respectively. More details on the calculation and validation of 
    values are given in Appendix II.  
 
In Table 5-1, the slag ρ values were also calculated via the NPL Slags Model 
[127]. The basis of the NPL Slags Model for calculation of ρ is the application of 
slag molar volume ( ) and molecular weight ( ) using Equation 5-4. More detail 
on the calculation of slag ρ using the NPL Slags Model [127] is given in 
Appendix XIII. 
ρ  
 
 
                                                                                                               (5-4) 
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While the   behaviour could be controlled by slag bulk properties i.e. slag 
structure, however   is a surface property and would be affected by surface 
properties of the slag. In general, surface-active reagents such as K2O, FeO, 
Na2O, CaF2 and SiO2 have low surface tensions and cause a steep reduction 
for liquid slag-vapour interfacial tension (   ).  
 
The slags examined in this study (T and L) had varied SiO2 level and therefore 
represented different     values, see Table 5-1. T-type slags with high SiO2 
have lower     and L-type slags with low SiO2 represent higher    . Using the 
concept of Young’s equation (Equation 2-51) it can be seen that the lower the 
    the higher the  . This is consistent with that of obtained in this study and 
represented in Figures 4-1 and 4-2, where T-type slags resulted in higher   on 
substrates examined. More details on the effect of slag SiO2 content on wetting 
and interfacial tension is given in section 5.4. 
 
5.1.3. Change of   with Substrate Type  
The change of   with substrate type can be evaluated from the points of view of 
substrate composition and structure. The effect of substrate composition on   
behaviour can be evaluated with regards to varied reactivity for different solid 
oxides (substrates) with each slag composition as discussed in sections 5.1.1.1 
to 5.1.1.3 and 5.1.1.5. In this section however, the effect of change of substrate 
type on   is assessed with regards to the difference in structure of substrate 
types.  
 
5.1.3.1. Substrate structure 
The significance of the substrate structure can be evaluated using Young’s 
Equation (Equation 2-51). 
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From this equation, it can be seen that for all other things being equal the 
greater the     the greater is      (lower  ). The     term will also influence 
     by affecting the    . To study the effect of substrate structure on  , a 
detailed evaluation of the calculation of the     and     terms in Young’s 
equation for systems studied is required. This is addressed in detail in section 
5.4. 
 
5.2. Slag Wetting and/or Penetration in Substrates of Different 
Porosity and Short Contact Times  
The slag-substrate reaction interface for substrates of different porosity and in 
short contact time tests are discussed in this section. 
 
5.2.1. Slag Wetting and Penetration into Substrates of Different 
Porosity 
The effect of porosity on   and depth of slag penetration was evaluated only for 
the L-type slags on spinel. While the primary focus of the porosity effects was 
an attempt to assess the quality of the substrates used on the wetting 
measurements (limitations of the experiment), it also offers opportunities to gain 
an insight into how certain inclusion morphologies might react with the slag. 
This will be discussed in section 5.6. 
 
From Figure 4-12, it can be seen that the effects of changing porosity from 6.7% 
to 1.9% in slags L1, L2 and L3 on   were small. This is consistent with results 
obtained by Humenik and Kingery [94], that for wetting systems ( <90°) the 
substrate porosity up to 7% has little effect on  .  
 
The general characteristics of the   vs. time for 6.7%-porosity substrate curves 
are similar to those of 1.9%-porosity, though the early change in   is more rapid 
for the higher porosity and the final   values are slightly lower.  
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The primary difference in these experiments with respect to porosity was the 
depth of penetration of the slag. In Figure 4-13 and Table 4-5, it can be seen 
that the depth of slag penetration decreased from 350µm, 430µm and 320µm in 
6.7%-porosity substrate to 190µm, 250µm and 180µm in 1.9%-porosity 
substrate for slags L1, L2 and L3 respectively. This is consistent with the 
refractory penetration model outlined earlier (Equation 5-1) where the depth of 
penetration,  , is proportional to the pore radius,  , which is related to the total 
porosity. 
 
5.2.2. Slag Penetration at Short Contact Times  
The effect of contact time on penetration and reaction was only evaluated for 
the slag L1 on the spinel substrate. The slag-substrate interface was 
characterised at the end of the experiment under the three different contact time 
regimes (slow cooled in the sessile drop furnace, rapid cooled on the laboratory 
bench top and quenched in water after a dip test as described in section 3.1.9).  
 
Micrographs of the interface are given in Figure 4-14 and depths of penetration 
for a given contact time are given in Table 4-6. From Figure 4-14 (a) to 4-14 (c) 
and review Table 4-6, it can be seen that the depth of slag penetration 
decreased from approximately 190µm in the standard sessile drop experiment 
to ~50µm and ~30µm for the sample cooled on the bench top and the dip test 
respectively. Further, reviewing these figures with Figure 4-15, it can also be 
seen that the slag has penetrated into the substrate even at short contact times. 
The penetration depth and the effect of time is as with the previous assessment 
of penetration in the slag-spinel substrates, consistent with Equation 5-1, i.e.   is 
proportional to  . 
 
The slag that penetrated into the substrate at different contact times was also 
evaluated via the EDS spot analysis. The EDS analysis of the phases in the 
penetration layer as a function of contact time is given in Table 4-7. The 
composition of the dark phase represented close composition to the original 
spinel (given in Table 3-2) and the white phase was similar to that of the starting 
slag (given in Table 3-1) but was enriched of Al2O3 and depleted of MgO for the 
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sample which was cooled on the bench top, and was depleted of CaO and 
enriched of Al2O3 for the dip test sample. 
 
The differences in crystallinity shown in Figures 4-14 (a) to 4-14 (c) are likely to 
be related to the cooling rate, the faster cooled samples having a significant 
glassy component. The slag structures shown in Figures 4-14 (a) and 4-14 (b), 
from the interface out to the slag bulk, are unlikely to be representative of the 
structure at the experimental temperature, as at this temperature the slag would 
be expected to be primarily liquid. The majority of the dark features seen in the 
slag bulk are voids. 
 
5.3. Modelling of   Behaviour in Liquid Slag Systems 
There was a question as to whether the Choi and Lee model can be 
extended/used for more slag-substrate systems. The physical basis of the Choi 
and Lee model [7] also needed clarification. It would be worthwhile to evaluate 
whether this model is capable of representing the spreading behaviour of slags 
from the complex acidic type to the simpler basic type or it is only a convenient 
fit that represents the wetting data. In this section the results of modelling the 
wetting data are discussed and the possible physical basis of the Choi and Lee 
wetting model is assessed. 
 
The   behavior in liquid slag systems studied was modelled using the Choi and 
Lee [7] wetting model, given in Equation 2-56.  
    ( )        ,         
  (          
           
 )    (   )- ,     (    )-  
This model is based on the Schroeder spreading model (Equation 2-57) [108].  
    ( )             ,     (   
 )-   
The Schroeder model [108] is principally based on the physical concept that 
dynamic wetting is a net result of two forces acting on the liquid-solid system. A 
driving force, caused by unbalanced interfacial forces, and a retarding force 
caused by liquid viscosity. Equating the driving and retarding forces, Schroeder 
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[108] showed that wetting has an inverse power tail as represented in the term 
(,     (    )-) of Equations 2-56 and 2-57.  
 
The primary modification by Choi and Lee [7] on the Schroeder                   
model is the added term that deals with the change in equilibrium               
contact angle    in Equation 2-57 as a result of the reaction                     
between the slag and the oxide substrate and represented in the term 
(,         
  (         
           
 )    (   )-) of Equation 2-56. 
 
Evaluation of the experimental results fitted in the Choi and Lee model, given in 
Figure 4-1 and 4-2, showed that the model is in good agreement with the 
experimental results with the fitting parameter, R2, for the majority of runs > 0.99 
and all runs > 0.95. Given the number of fitted parameters used in fitting 
Equation 2-56 to the wetting data, it is however not surprising that there is a 
good fit. The individual fitting parameters have been further analysed to assess 
whether this model has a physical basis and is not simply a good correlation.  
 
5.3.1.       
  
The       
  is the equilibrium contact angle between initial/starting slag and 
substrate. Providing that the model represents a physical concept, it is then 
expected for the       
  value obtained from the model (given in Table 4-8) to 
show a reasonably similar trend and have a similar magnitude of that the 
measured      values in each run (experiment). A plot of       
  vs.      for the 
systems studied is given in Figure 5-4. 
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Figure 5-4: A plot of       
  obtained from the Choi and Lee [7] model vs. 
measured      in the wetting experiments. The solid fill and no-fill markers 
represent the values for L-type and T-type slags respectively.   
 
From Figure 5-4, it can be seen that there is a reasonable agreement between 
the fitted       
  and measured      values. This could be indicative that the 
good fit of the wetting results to the model is not simply due to the number of 
fitted parameters used and may support the physical concept of the model.  
 
5.3.2.       
  
The       
  in the Choi and Lee model represents the contact angle at    . 
From an experimental perspective, this may be represented by          or the   
at the end of the experiment. Using the same test/approach as used for       
 , a 
plot of       
  vs.          is given in Figure 5-5. 
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Figure 5-5: A plot of       
  obtained from the Choi and Lee [7] model vs. 
measured          in the wetting experiments. The solid fill and no-fill markers 
represent the values for L-type and T-type slags respectively.     
 
From Figure 5-5, it can be seen that there is a good agreement between the 
      
  and          values.  As before for       
 , this could be indicative that the 
good fit of the wetting results to the model is not simply due to the number of 
fitted parameters used and may support the physical concept of the model.  
 
5.3.3.   
From the Choi and Lee wetting model, it is not clear exactly what   represents. 
It is a pre-exponential term from an Arrhenius approach to reactivity or diffusion 
and perhaps could be argued as a probability or jump frequency factor [162]. It 
is not at all clear how this factor would be expected to vary with changing slag 
composition or substrate phase and therefore how it would be used to assess 
the model.  
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5.3.4.  
The   parameter as defined by Choi and Lee is a factor that is related to the 
viscosity and surface tension of liquid slag. This parameter can be however 
derived from a consideration of the original Schroeder model (Equation 2-57) 
[108] as given in Equation 5-5:  
  
   
 
                                                                                                           (5-5) 
where     (×10
-3 N/m) and   (Pa.s) are the surface tension and viscosity of the 
liquid slag respectively, and   is in ×10-3 m/s. Assuming a physical concept for 
the model, it would then be expected for the fitted   obtained from the Choi and 
Lee model (given in Table 4-8) to have a reasonably similar value and trend of 
change to those calculated from Equation 5-5. To evaluate the   using 
Equation 5-5, characteristic values for     and   of the slags given in Table 5-1 
(calculated as explained in section 5.1.2 and detailed in Appendix II for     and 
in Appendix XII for  ) were used. A plot of the fitted   vs.   as calculated by 
Equation 5-5, is given in Figure 5-6. 
 
 
Figure 5-6: A plot of fitted   (×10-3 m/s) obtained from the Choi and Lee [7] 
model vs. calculated   (×10-3 m/s) from a derivation of the Schroeder model 
[108] (Equation 5-5). The solid fill and no-fill markers represent the values for L-
type and T-type slags respectively.     
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From Figure 5-6, it can be seen that for the L-type slags there is a reasonably 
good agreement with the calculated and fitted   values, both in terms of order 
of magnitude and trend with changing slag composition, on all substrates used. 
For the T-type slags however, there is no obvious relation between the different 
(calculated and fitted)   values. 
 
The results in Figure 5-6 indicate that the model represents L-type slags but not 
T-type slags. Why the difference between the two slag types? The T-type slags 
are acidic in nature and the L-type slags are basic in nature [149, 168]. In order 
to understand the effects of the nature or basicity of the slag and its effect on    
further evaluation of the slag is required. Basic slags generally contain small 
ions and are network breakers while acid slags contain relatively large ions and 
are network formers.  
 
Details of the nature of slags were discussed in section 5.1.2. As before in 
section 5.1.2, three approaches are used to assess basicity and slag structure, 
namely B (Equation 2-76) [168, 169],  (Equation 2-77) [168] and       
(Equation 2-78)[168] were calculated as detailed in section 5.1.2Slag 
parameters calculated from these approaches should infer a structure or a 
given slag composition. Plots of   vs. B, slag       and were made and are 
given in Figures 5-7 to 5-9 respectively.  
 
 
Figure 5-7: Effect of slag   on calculated and fitted m for substrates used. 
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Figure 5-8: Effect of slag   on calculated and fitted m for substrates used. 
  
 
Figure 5-9: Effect of slag NBO/T on calculated and fitted m for substrates used.  
 
From Figures 5-7 to 5-9, it can be seen that for both the fitted and calculated 
values of  , there is a strong correlation with   and basicity (B,       and ) 
in the basic regime. Further, this correlation is similar in trend and absolute 
value for different approaches to obtaining  . In the acid regime, there is little 
correlation with   and little consistency in the values obtained for   from 
different approaches.  
 
This indicates that the   parameter, representing a simple force balance 
between viscosity and interfacial forces, is adequate for the simple L-type basic 
slags but not so for the more complex T-type acidic slags. The more complex 
acid slag structures (as discussed in section 5.1.2) are likely to present a more 
variable ion surface to the gas or solid interface than the relatively simple basic 
slag. It is likely the more complex interface and the effects of the larger acid ion 
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structures are not fully represented in viscosity and/or are not simply resolved 
for the interfacial forces. For these slags, other terms may have to be 
considered.  
 
On balance and considering all constants       
 ,       
 , k and m, while it has not 
been shown that the Choi and Lee wetting model has applicability in acid slags, 
it nevertheless would appear to offer much promise in representing basic slag 
systems. 
 
5.4. Interfacial Tension of the Slag-Substrate Systems from   
Measurements    
Liquid slag-solid oxide substrate interfacial tension (   ) for the wetting systems 
studied were calculated using Young’s equation (Equation 2-51). 
     
       
   
  
Application of Young’s equation for the calculation of     in these liquid slag-
oxide substrates is not without difficulty as values for the     and     are not 
always readily available. Details of the approach used for the calculation of     
and the data used in the calculation are given in the following sections.  
  
5.4.1. Values of   used in Young’s Equation 
Unless stated otherwise,   values used in the calculation of     by Young’s 
equation were the experimental values      and/or the          given in Figures 
4-1 and 4-2. 
    
5.4.2. Values of     used in Young’s Equation  
The     for the slags used (T-type and L-type) in the calculation of     by 
Young’s equation were obtained using the NPL Slags Model [127] and are 
given in Table 5-1 (see section 5.1.2) for starting/initial slag compositions and in 
Table 5-2 for plateau slag compositions. For details of the basis of the NPL 
Slags Model [127] and its validation for use in this study, see section 5.1.2 and 
Appendix II.  
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The plateau slag compositions used are the bulk slag compositions obtained via 
EDS analysis of the slag-substrate interface characterisation (analyses given in 
Tables 4-1 and 4-2). There are no     values for plateau slags in Table 5-2 for 
the T-type slags-calcium aluminate substrate systems. Experimental problems, 
detailed in section 4.1.1 (observations), compromised any EDS analysis of the 
slag composition at the end of these experiments. 
 
Table 5-2: The     values for plateau slag compositions (bulk slag compositions 
obtained via EDS analysis of the slag-substrate characterisation as given in 
Tables 4-1 and 4-2) obtained using the NPL Slags Model [127] (subscript P 
denotes  plateau). 
System Analysis No. 
(name) 
Slag composition (mass %)     
(mN/m) Substrate Slag CaO Al2O3 SiO2 MgO 
Alumina 
L1 1 (L1P) 42.2 45.0 8.6 4.2 599 
L2 4 (L2P) 37.9 52.9 4.0 5.2 620 
L3 7 (L3P) 43.3 43.4 7.9 5.4 602 
T1 34 (T1P) 28.3 18.8 52.9 - 424 
T2 38 (T2P) 33.5 23.4 43.1 - 460 
T3 43 (T3P) 38.3 25.2 36.5 - 486 
Spinel 
L1 10 (L1P) 43.4 42.2 8.4 6.1 600 
L2 14 (L2P) 40.8 43.2 8.4 7.6 600 
L3 18 (L3P) 43.7 42.4 6.6 7.3 608 
T1 50 (T1P) 19.8 29.6 45.2 5.4 452 
T2 54 (T2P) 27.1 31.5 37.8 3.6 479 
T3 58 (T3P) 32.7 31.5 32.3 3.5 502 
Calcium 
aluminate 
L1 24 (L1P) 38.6 57.5 2.0 1.9 629 
L2 27 (L2P) 31.9 54.7 4.2 9.2 620 
L3 33 (L3P) 39.9 52.3 3.6 4.2 619 
 
5.4.3. Values of     used in Young’s Equation  
Nakajima [122] reviewed the available data     on simple oxides (alumina, 
magnesia, silica, lime) [123, 124] and recommended values, given in Table 5-3. 
No data were found on     for spinel and calcium aluminate. 
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Table 5-3: The recommended values for     (     ),     (   ) and     (   ), and 
the relevant (    ⁄ ) values [122]. 
Parameters 
Component 
Al2O3 MgO CaO 
    (mN/m) 763 750 742 
T (°C) 1500 1500 1600 
(       ⁄ ) (mN/m.°C) -0.078 -0.1* -0.097 
Temperature range (°C) 1450-1600 - 1450-1600 
* Nakajima [122] did not quote a differential term for MgO; this has been 
obtained from Boni et al. [123]. 
 
Approaches used to estimate     for spinel and calcium aluminate substrates 
are detailed in the following sections. Where required, corrections for 
temperature are made using Equation 5-6: 
        (    ⁄ ) (     )                                                                        (5-6) 
where    is the temperature in which the   is known,    is the temperature in 
which the   is required and     ⁄  is the interfacial tension-temperature 
gradient. 
 
5.4.3.1.     (     ) 
    (     ) value is given in Table 5-3.  
 
5.4.3.2.     (       ) 
Values for     (       ) were estimated using the ideal mixing, 
phenomenological [125] and atomic [125] models, and are given in Table 5-4. In 
this table the “normal average” and the “proportional average” denotes 
approaches used to estimate the     (       ) value through the 
phenomenological and atomic models. The basis for these values is detailed in 
the following subsections.  
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Table 5-4: The     (       ) values calculated using different models for 1500°C. 
Model Approach     (       ) (mN/m) 
Ideal mixing -             757 
Phenomenological [125] 
Normal average            1335 
Proportional average             851 
Atomic [125] 
Normal average             2629 
Proportional average            1832 
 
 Model approaches used for     (       ) 
The ideal mixing, phenomenological [125] and atomic [125] models, given in 
Equations 2-58 to 2-60 respectively, were used for estimation of     (       ).  
    (       )   ( )   ( )   ( )   ( )  
    
   
   
                
       
         
The principles of these models and definition of the symbols in Equations 2-58 
to 2-60 are given in section 2.3.3. Mishra and Thomas [125] used the 
phenomenological and atomic models to calculate the     for a number of plane 
families in a spinel single crystal. The values are given in Table 5-5. 
 
Table 5-5: The     of different plane families in a spinel single crystal calculated 
in phenomenological and atomic models at 25°C [125]. 
Model Plane family     (mN/m) 
Phenomenological [125] 
{100}     1446 
{110}     2702 
{111}     298 
Atomic [125] 
{100} 3000 
{110} 4715 
{111} 616 
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 Approaches used for calculation of     (       ) through the 
phenomenological and atomic models [125] 
An average     (       ) representing the different plane families for both the 
phenomenological [125] and atomic [125] models was obtained via two different 
methods.  
a) Normal average: a normal average of the different plane families was 
obtained assuming that the proportion of all the planes at the substrate surface 
is the same and calculated using Equation 5-7.   
    (       )  
    *   +     *   +     *   +
 
                                                             (5-7) 
 
b) Proportional average: a proportional average of the different plane 
families was obtained assuming that the proportion of each plane family at the 
substrate surface is dependent on the planar density. Using an energy 
minimisation approach [189], it would be expected that the substrate surface 
contains more {111} planes, i.e. the planes with the lowest surface energy.  
 
Planar density of {100}, {110} and {111} planes in a FCC structure were 
calculated using Equation 5-8 [190]: 
  
 
 
                                                                                                              (5-8) 
where   is planar density,   is number of the atoms in the plane and   is plane 
area. The planar densities obtained for different planes are given in Table 5-6.  
 
Table 5-6: Planar density of {100}, {110} and {111} planes in a FCC structure (  
is lattice factor). 
Plane 
Number of 
atoms ( ) 
Plane 
area ( )  
Planar 
density ( ) 
Proportional 
planar density 
{100} 2    
 
  
 0.4 
{110} 1   √  
 
  √ 
 0.1 
{111} 2 
  √ 
 
 
 
  √ 
 0.5 
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The     (       ) can then be calculated according to the proportional average 
approach via Equation 5-9. 
    (       ) = 0.4    *   + + 0.1    *   + + 0.5    *   +                                    (5-9) 
 
The     (       ) was then calculated using the normal average (Equation 5-7) 
and the proportional average (Equation 5-9) approaches, and the values of 
    (   ) and     (     ) in Table 5-3. The     (       ) obtained was modified for 
the temperature (1500°C) using Equation 5-6. To use Equation 5-6, the 
(           ⁄ ) term was calculated from (         ⁄ ) and (       ⁄ ) values 
(given in Table 5-3) using Equation 5-10 [122]: 
.
  
  
/
       
 ∑ (
   
  
)                                                                                    (5-10) 
where   is temperature,   is the mole fraction of slag constituents and   is the 
number of slag reagents.  
 
5.4.3.3.     (        ) 
There are no appropriate data for Equations 2-59 and 2-60 representing the 
phenomenological and atomic models for the calcium aluminate substrate; 
therefore only the ideal mixing model (Equation 2-58) was used for 
    (        ). Using this model and the values of     (   ) and     (     ) in 
Table 5-3, a     (        ) value of 578 mN/m at 1500°C was obtained. 
 
5.4.4. Limitations of the models used for estimation of     (       ) 
and     (        ) 
Application of the ideal mixing, phenomenological [125] and atomic [125] 
models in this study for the estimation of     (       ) and     (        ) was due 
to the lack of data on these terms in the open literature. The application of these 
model approaches is not without limitations though: 
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 The working assumption of the ideal mixing model is that there is no energy 
associated with the forming of the complex oxide from the simple oxides. 
This is unlikely to be the case and the model’s usefulness will be dependent 
on how significant this energy is.  
 The phenomenological and atomic models estimate the     in a spinel 
single crystal; however, the spinel substrate used in this study was 
polycrystalline. Therefore there will be an additional error associated with 
this.  
 In the proportional averaging approach, the planar density of the specific 
planes was calculated for a simple FCC unit cell; however, the MgAl2O4 
spinel has a more complex structure than simple FCC including tetrahedral 
and octahedral positions containing Mg and Al atoms. Therefore there will 
be an additional error associated with this.  
 
5.4.5.     (              ) Values 
5.4.5.1.     (          )  
The     (          ) values obtained for slags used are given in Figure 5-10. To 
facilitate plotting, the 6% MgO of the L-type slags was removed from the slag 
composition and the other components normalised to represent 100%. In this 
figure the solid lines represent the central region in which the CaO-Al2O3-SiO2 
slag is liquid. The plateau     (          ) values are indicated by the subscript P. 
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Slag 
Basicity 
(B) 
T1 0.34 
T1P 0.39 
T2 0.49 
T2P 0.50 
T3 0.68 
T3P 0.62 
L1 0.81 
L1P 0.79 
L2 0.99 
L2P 0.67 
L3 1.20 
L3P 0.84 
 
Figure 5-10: The initial and plateau    (          )
 (mN/m) calculated for 1500°C. 
The subscript P denotes to plateau values. The solid line represents the liquidus 
contour. The symbols × and ● represent the initial slag and plateau slag 
compositions respectively. 
 
The     (          ) values obtained showed that: 
     (          ) decreased with increasing slag B for both initial and plateau 
values, the exception being slag L2P. For T-type slags     (          ) is 
decreasing with the increasing CaO/SiO2 ratio and for L-type slags 
    (          ) is decreasing with the increasing CaO/Al2O3 ratio. 
 L-type slags had significantly lower     (          ) than T-type slags at both 
initial and plateau times.  
     (          ) was greater at initial times than plateau times. This indicates 
that the     (          ) has decreased over time. 
     (          ) has decreased ~30% from time zero to extended times 
(plateau) for T-type slags; however, for L-type slags this change is different 
and is 31% from L1 to L1P, 25% from L2 to L2P and 8% from L3 to L3P.  
 
It was difficult to validate the     (          ) values obtained as there is a dearth 
of data in the open literature. Choi and Lee [7] have published values at 1600°C 
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for similar slag compositions. To facilitate the comparison, the     (          ) 
values calculated in this study were corrected for temperature using Equation  
5-6 and plotted in Figure 5-11. In this figure, the initial     (          ) values are 
compared as Choi and Lee [7]     values (Choi and Lee have only reported the 
initial    ).   
 
 
Figure 5-11: A comparison between initial     (          ) values (mN/m) 
obtained in this study and modified for 1600°C and those published by Choi and 
Lee [7] at 1600°C. The solid line represents the liquidus contour. The symbol × 
represents the slag compositions in the current study and the symbol ● 
represents the slag compositions in Choi and Lee [7] study.    
 
From Figure 5-11, it can be seen that the calculated values for high silica T-type 
slags are in reasonable agreement with Choi and Lee’s [7] results. They are of 
a similar value and are decreasing with increasing CaO similar to those of Choi 
and Lee [7]. For high alumina L-type slags however, the results are lower than 
values reported by Choi and Lee [7] but still show a similar trend with respect to 
increasing Al2O3 content. The lower     values for the L-type slags-alumina 
system may be due to the presence of ~6% MgO in the L-type slags (not 
included in this diagram). This would indicate the addition of MgO lowers the 
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    value. MgO is generally considered a basic component of the slag and 
might be expected to have a similar effect to that of CaO. This being the case, 
the effect of MgO on the     is consistent with that of increasing CaO, it 
decreases the    . 
 
5.4.5.2.     (            ) 
The     (            ) values obtained using different model approaches for 
    (       ) are given in Figures 5-12 (a) and 5-12 (b) for initial and plateau 
values respectively. In these figures,     (          ) is also shown for comparison 
purposes.  
 
 
                                   (a) 
 
 
                                   (b) 
Figure 5-12: A comparison between (a) initial     (            ) values and (b) 
plateau     (            ) values (obtained using different model approaches) 
and     (          ) values for 1500°C (values in mN/m). 
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From Figure 5-12 it can be seen that: 
 the     (            ) value changed in a similar manner to that observed for 
    (          ) (given in section 5.4.4.1) in terms of changing slag B, slag 
type (L and T) and time steps (initial and plateau values). These trends with 
slag composition are similar regardless of model approaches used in the 
estimation of     (       ). 
 the absolute     (            ) values obtained using the ideal mixing model 
and phenomenological model [125] (with proportional average approach) for 
the estimation of     (       ) are similar. They are also similar to those 
obtained for     (          ). The atomic model values though are significantly 
greater than those obtained for the ideal mixing and phenomenological 
models.  
 
Given the range of values for the different approaches, it is difficult to be 
definitive about what is the correct or more probable value. There is consistency 
of the     (            ) values obtained using the ideal mixing and the 
phenomenological model (with proportional average approach), they are only 
~100mN/m different. This difference is small when considering high temperature 
interfacial measurements of liquid oxides [126]. Also, the values are of similar 
order to those of the     (          ), which is a similar system. While these are 
not compelling arguments, until better data are available, these values are 
arguably those that are most likely correct.  
 
Given this, and the convenience of using the ideal mixing model, values 
generated using this model have been utilised in the further analysis of the data 
for estimation of     (       ). A plot showing only these values is given in 
Figure 5-13.   
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Slag 
Basicity 
(B) 
T1 0.34 
T1P 0.26 
T2 0.49 
T2P 0.39 
T3 0.68 
T3P 0.51 
L1 0.81 
L1P 0.86 
L2 0.99 
L2P 0.79 
L3 1.20 
L3P 0.89 
 
Figure 5-13: The initial and plateau     (            ) values (mN/m) obtained for 
1500°C using the ideal mixing model for the calculation of     (       ). The 
subscript P denotes plateau values. The solid line represents the liquidus 
contour. The symbols × and ● represent the initial slag and plateau slag 
compositions respectively.  
 
5.4.5.3.     (        ) 
The     (             ) values obtained for slags used are given in Figure 5-14. 
From this figure it can be seen that: 
 the     (             ) value had a similar trend to that found for 
    (          ) and     (            ) with respect to slag basicity (see 
sections 5.4.4.1 and 5.4.4.2).  
 the     (             ) values are lower than those of     (          ) and 
    (            ). This is consistent to wetting results where calcium 
aluminate represented greater wettability than alumina and spinel (see 
Figure 4-1 and 4-2). 
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Figure 5-14: The initial and plateau     (             ) values (mN/m) obtained 
for 1500°C. The subscript P denotes plateau values. The solid line represents 
the liquidus contour. The symbols × and ● represent the initial slag and plateau 
slag compositions respectively. 
 
5.4.6. Change of     with Starting Slag Composition/Structure 
The change of dynamic   with slag structure was assessed in section 5.1.2 
using  ,   and      . The three approaches to slag structure resulted in 
similar trends with   for the slag-substrate systems studied, i.e. the higher the  , 
  and      , the lower the  . Given this, only   has been used when 
assessing slag structure on    . 
 
The     values (given in Figure 5-10 for alumina, in Figure 5-13 for spinel and in 
Figure 5-14 for calcium aluminate) were plotted against   and are given in 
Figure 5-15 (a) for initial     and in Figure 5-15 (b) for plateau     values.  
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           (a) 
 
 
             (b) 
Figure 5-15: Effect of starting slag   on (a) initial     and (b) plateau     values. 
 
From Figure 5-15, it can be seen that there is a correlation between     and 
slag   such that the     decreases linearly by increasing slag   from T-type 
acidic slags (with low  ) to L-type basic slags (with high  ) for all substrate 
types and time steps studied. This trend is however less pronounced for plateau 
    values of L-type slags and three substrates. 
  
The higher     values obtained for T-type slags compared to those of L-type 
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equation, it can be seen that, for a constant     (given substrate),     increases 
when   increases (lower     ) and     decreases.  
 
T-type slags represented greater   compared to that of L-type slags on three 
substrates. This was detailed in section 5.1.2 with respect to the complexity of 
the slag structure for T-type slags. Further, T-type slags represented lower     
values compared to L-type slags (see section 5.1.2 for details of calculation of 
    in Table 5.1). The higher   and lower     for T-type slags compared to 
those of L-type slags support the greater     values obtained for these slags on 
three substrates in this study. 
 
While it is known that higher     for the T-type slags compared to that of L-type 
slags is at least partially due to lower     associated with T-type slags, it would 
be worthwhile to evaluate why T-type slags represent lower     than that of     
L-type slags.  
 
From the slag structure perspective, T-type acidic slags with a high level of SiO2 
have large complex molecular structure. As the basicity increases, these 
structures progressively dissociate, producing an increasing number of 
unsatisfied molecular bonds at the structure, with a consequent increase in the 
    for high basicity slags [126]. 
 
Further, from a physical chemistry point of view, SiO2 is a surface-active 
reagent with respect to CaO and Al2O3, i.e. it decreases the     [166]. 
Therefore, the lower     value for T-type slags compared to that of L-type slags 
could be due to the higher activity of SiO2 (     ) in T-type slags.  
 
The change in       from L-type slags to T-type slags was assessed by the 
calculation of       for the most representative slags in each slag type (L1 with 
lowest %SiO2 representing L-type slags and T1 with highest %SiO2 
representing T-type slags) using MTDATA [171] and given in Figure 5-16. In 
this figure, the x-axis, the mass fraction of slag T1, represents the mass of slag 
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T1 divided by the sum of mass of slag T1 and mass of slag L1. The       value 
for other slag compositions (L2, L3, T2 and T3) can be reasonably assumed to 
be on/close to the curve in Figure 5-16. The reference state for the SiO2 activity 
was the cristobalite phase [54]. From this figure, it can be seen that T-type slags 
represent higher       than L-type slags, resulting in lower     for T-type slags 
[166]. 
 
 
Figure 5-16: MTDATA [171] calculation for activity of SiO2 from L-type slags 
(represented by slag L1) to T-type slags (represented by slag T1) at 1500°C; 
the reference state for the SiO2 activity was cristobalite phase [54]. 
 
If the slag structure is in part dictating the value of    , it would also be 
expected to trend with changing viscosity of the slag. The above data     were 
replotted against the slag viscosity and are given in Figure 5-17 (a) for initial     
and in Figure 5-17 (b) for plateau     values. The viscosities are those of the 
starting slag, as calculated by the NPL Slags Model [127] and given in        
Table 5-1. 
 
Slag L1 Slag T1 Mass fraction of slag T1 
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                                                    (a) 
 
 
                                                    (b) 
Figure 5-17: Effect of starting slag   on (a) initial     and (b) plateau      values. 
 
From Figure 5-17, it can be seen that     does increase with increasing 
viscosity and is consistent with what would be expected from the complexity of 
the slag structure where more complex T-type slags represent higher    . 
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respectively). There is however a question as to what values (initial or plateau 
   ) are the most representative of the slag-substrate systems.  
 
From a theoretical perspective,     is meant to represent the interfacial tension 
of the liquid slag-solid substrate interface at equilibrium. True equilibrium is not 
achieved in the sessile drop systems at the short timescales of the experiments 
in this study. If equilibrium was reached, for the relative masses of slag and 
substrate used in the experiments, the stable phases would be that given at 
something approximating to zero mass fraction of slag in Figures 4-23 to 4-28.   
 
Though equilibrium has not been reached, after a period of time it was found 
the wetting angle started to stabilise/plateau at times around 30 to 70 seconds.  
It may be that the interfacial tension in this plateau region is more 
representative of the equilibrium value. Should this value be used for substrates 
of the pure phase or the substrate composition as modified as a result of slag 
penetration/reaction with the substrate? 
 
Initial     are what has been reported in the literature [7, 191]. These are values 
at the time zero. The advantage of these values or this approach is that it is 
clear what substrate composition it is associated with but it is also clear that the 
system is not at equilibrium.  
 
In the Choi and Lee model approach to dynamic wetting [7] they have tried to 
address the issue of what constitutes an equilibrium value of   and therefore by 
inference    . The primary difference between their model and the Schroeder 
model [108] are terms that recognise a change in equilibrium position as 
reaction proceeds. In their model [7] two wetting terms are established that 
relate to the initial and final equilibrium conditions. In effect they are assuming 
or arguing both cases are relevant. 
 
From a practical perspective what constitutes the correct value may best be 
answered by considering what is under investigation, i.e. what question is being 
asked of the experiment or modelling? The time zero values may have more 
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relevance for processes were the development of the interface (and its 
properties) is important at short timescales such as steel inclusions bonding 
with slag.  The plateau values may be of more practical value for process were 
the development of the interface is of more significance at longer timescales, 
such as is often the case in slag-refractory corrosion processes. 
 
While these new data have been discussed here in section 5.4 in terms of 
“interfacial tension of the slag-substrate systems from   measurements”, they 
represent new data in important industrial systems. These data have wide 
application not only in inclusion removal but in slag-refractory, slag-ceramic and 
liquid oxide-electrode reactions.   
  
5.5. Dissolution Kinetics of Oxide Inclusions in Liquid Slag 
The shrinkage core model (SCM) has been shown to be a good representation 
of inclusion dissolution in slags [13-15, 129, 147-159]. In this thesis, this model 
has been used to attempt to establish the rate-controlling mechanism of the 
systems studied. Specifically, the dissolution data of the sapphire and the 
alumina-magnesia particles in slags T1 to T3 were used to establish the 
dissolution mechanism. This was attempted through a range of 
approaches/tests primarily based on the SCM. The tests applied were: 
1. A simple linearity test based on the SCM. 
2. The use of the Eyring equation [162] for assessment of diffusion coefficient 
calculated from the SCM. 
3. A time-progressive conversion test using the SCM.  
4. Effect of the initial particle size in the progressive conversion test of the 
SCM. 
In addition, physical evidence in support of the reaction mechanism was 
discussed using the slag-particle interface characterisation by SEM-EDS. 
 
A mixed control model analysis was also attempted for selected dissolution 
experiments but proved no better a representation of the dissolution data. Using 
the principle of the simplest representation of the data that gives a reasonable 
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fit is the most apposite, application of the more complex model (mixed control) 
is not appropriate. 
 
5.5.1. A Simple Linearity Test based on the SCM 
The chemical reaction at the slag-particle interface and mass transfer in slag 
phase mechanisms in the SCM in the Stokes regime is represented by 
Equations 2-64 and 2-68 respectively [129]. 
 
  
   
   (   )
    
   
.
 
  
/
 
   
   (   )
  
   
    
Definition of the symbols is given in section 2.4.1. For simplicity of presentation, 
  and   will define the radius ratio terms of the left hand side of Equations 2-64 
and 2-68 for chemical reaction and mass transfer control and are given in 
Equations 5-11 and 5-12 respectively.  
  
 
  
                                                                                                       (5-11) 
  .
 
  
/
 
                                                                                                  (5-12) 
From these equations, it can be seen that plots of   vs. time for chemical 
reaction control and   vs. time for mass transfer control will be linear and pass 
through the origin, if the respective mechanism is rate-controlling.  
 
Mechanism Test 
Plots of   vs. time and   vs. time will be assessed for linearity using the fitting 
parameter R2 value. 
 
Plots of   vs. time and   vs. time are given in Figures 5-18 to 5-20 for sapphire 
and in Figure 5-21 for the alumina-magnesia particle. The regression fits are the 
solid lines shown on the graphs. The equations and R2 values representing 
these regression lines are also shown. The R2 shown in these figures are 
summarised in Tables 5-7 and 5-8 for sapphire and the alumina-magnesia 
particles respectively. 
183 
 
                             (a) 
 
(b) 
Figure 5-18: (a) Plot of   vs. time assuming chemical reaction control and (b) 
plot of   vs. time assuming mass transfer control for dissolution of 0.2mm 
sapphire in slags T1 to T3 at 1500°C. Solid lines and equations represent linear 
regression fits to data. 
 
 
                            (a) 
 
(b) 
Figure 5-19: (a) Plot of   vs. time assuming chemical reaction control and (b) 
plot of   vs. time assuming mass transfer control for dissolution of 0.3mm 
sapphire in slags T1 to T3 at 1500°C. Solid lines and equations represent linear 
regression fits to data. 
 
 
                             (a) 
 
  (b) 
Figure 5-20: (a) Plot of   vs. time assuming chemical reaction control and (b) 
plot of   vs. time assuming mass transfer control for dissolution of 0.4mm 
sapphire in slags T1 to T3 at 1500°C. Solid lines and equations represent linear 
regression fits to data. 
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      (a) 
 
   (b) 
Figure 5-21: (a) Plot of   vs. time assuming chemical reaction control and (b) 
plot of   vs. time assuming mass transfer control for dissolution of 0.4mm 
alumina-magnesia particle in slags T1 to T3 at 1500°C. Solid lines and 
equations represent linear regression fits to data. 
 
Table 5-7: Summary of the R2 values in Figures 5-18 to 5-20 for sapphire-slag 
systems (the model which represented the best fit has been highlighted). 
Initial particle 
diameter (mm) 
Slag 
R2 
  vs.   (chemical reaction)   vs.   (mass transfer) 
0.2 
T1 0.99 0.91 
T2 0.98 0.98 
T3 0.92 0.98 
0.3 
T1 0.98 0.90 
T2 0.99 0.96 
T3 0.99 0.96 
0.4 
T1 0.91 0.94 
T2 0.88 0.51 
T3 0.98 0.99 
 
Table 5-8: Summary of the R2 values in Figure 5-21 for the alumina-magnesia 
particle-slag systems (the model which represented the best fit has been 
highlighted). 
Initial particle 
diameter (mm) 
Slag 
R2 
  vs.   (chemical reaction)   vs.   (mass transfer) 
0.4 
T1 0.94 0.73 
T2 0.97 0.84 
T3 1.00 0.94 
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Summary of the Test Results 
For the majority of the datasets, there were good agreements between the 
regression lines and the data with R2>0.95. For a given system/experiment, the 
R2 for both datasets were similar, though in general for the majority of sapphire-
slag systems and all the alumina-magnesia particle-slag systems, the R2 tended 
to be slightly higher for A vs. time (chemical reaction control) plots than for the B 
vs. time (mass transfer control) plots. Also, there was no a significant correlation 
with the R2 and slag composition or initial particle size.  
 
Test Conclusion 
Sapphire particle: non-discriminating.  
The R2 value was similar for both mechanisms. 
Alumina-magnesia particle: chemical reaction control.  
The R2 value was higher for chemical reaction control. 
 
5.5.1.1. Modification of the Dissolution Data  
In some cases, the particle sank to the bottom of the crucible before fully 
dissolving in the slags (see experimental observations in section 4.3). In this 
situation there is potential for non-symmetrical dissolution, i.e. the part of the 
particle near the crucible may experience a lower rate of dissolution as the slag 
in this region is unlikely to satisfy infinite or semi-infinite conditions to the SCM. 
In other words, the simple one-dimensional SCM is no longer applicable. In an 
attempt to address this, a number of approaches were used to correct the data. 
These are fully detailed in Appendix XIV.    
 
An active volume/area concept was applied. The idea here was that when the 
particle is at the bottom of the crucible, only a fraction of the volume/area of the 
particle was dissolving, i.e. 95%, 90% etc. From this reduction in volume/area, a 
new particle radius,   , was calculated. This    was used in Equation 5-11 for 
chemical reaction control and in Equation 5-12 for mass transfer control to 
obtain the new/modified   and   equations as given in Equations 5-13 and 5-14 
respectively:  
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                                                                                                     (5-13) 
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                                                                                                (5-14) 
where   is the active fraction of the volume/area of the particle and    is the 
new radius associated with the active volume/area fraction of  . 
 
It was intended that these approaches were to be applied to experiments where 
the particle sank to the bottom of the crucible and only to the dissolution data in 
each experiment after sinking. Prior to applying to all the data, the approach(s) 
was evaluated on a single typical dataset, namely the 0.4mm sapphire-slag T2 
system. If the approach(s) proved successful, then it would be applied to all the 
data. 
 
 Modification of data using a set active volume fraction of the particle  
In this technique, the active volume of the particle for reaction was estimated 
using a fraction,  , of the particle apparent volume via Equation XIV-2:  
                
where   is volume of the particle. The    values were obtained using the    
values (see details in Appendix XIV). 
  
Mechanism Test 
 In terms of establishing the mechanism, the test is essentially the same as 
the previous test in section 5.5.1; the simple linearity test based on the SCM. 
Plots of  /   vs. time and  /   vs. time were assessed for linearity using the 
R2 value.  
 The approach was also evaluated in terms improving the R2 value over that 
reported in Table 5-7. 
 
Plots of  /   vs. time and  /   vs. time for a typical   of 70% were produced 
and linearly regressed as can be seen in Figure 5-22.  
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      (a) 
 
        (b) 
Figure 5-22: (a) Plot of  /   vs. time, assuming chemical reaction control and 
(b) plot of  /   vs. time, assuming mass transfer control for 0.4mm sapphire-
slag T2 system at 1500°C.   and   are for original data, and    and    are for 
modified data using a set active volume fraction technique. Solid lines and 
equations represent linear regression fits to data. 
 
Summary of the Test Results 
Figure 5-22 showed that the R2 for  /   vs. time (chemical reaction control) 
plots was greater than that for  /   vs. time (mass transfer control) plots. 
However, there was poor agreement between the regression lines and the data 
with R2<0.74 for both mechanisms. Further, these R2 values are lower than 
those for the same system and are given in Table 5-7. 
  
Test Conclusion 
0.4mm sapphire particle: non-discriminating.  
The R2 fit for both mechanisms was poor.  
 
Further, the R2 fit was less than the fit to the uncorrected dissolution data 
indicating it is not suitable for the correction of particle radius. 
 
 Modification of the data using the volume of a spherical frustum 
This technique estimates the active volume of the particle for reagents transfer 
using the volume of a sphere frustum (  ) through Equation XIV-7: 
           
where the       term represents the remaining volume of the particle (see 
Figure XIV-1). 
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Mechanism Test 
 In terms of establishing the mechanism, the test is essentially the same as 
the previous test in section 5.5.1; the simple linearity test based on the SCM. 
Plots of  /   vs. time and  /   vs. time were assessed for linearity using the 
R2 value.  
 The approach was also evaluated in terms improving the R2 value over that 
reported in Table 5-7. 
 
Plots of  /   vs. time and  /   vs. time for a typical sphere frustum that has lost 
30% of the sphere radius were produced and linearly regressed as can be seen 
in Figure 5-23.  
 
 
     (a) 
 
             (b) 
Figure 5-23: (a) Plot of  /   vs. time assuming chemical reaction control and (b) 
plot of  /   vs. time assuming mass transfer control for 0.4mm sapphire-slag T2 
system at 1500°C.   and   are for original data, and    and    are for modified 
data using the volume of a spherical frustum technique. Solid lines and 
equations represent linear regression fits to data. 
 
Summary of the Test Results 
Figure 5-23 showed that the R2 for  /   vs. time (chemical reaction control) 
plots was higher than that for  /   vs. time (mass transfer control) plots. 
However there was poor agreement between the regression lines and the data 
with R2<0.82 for both mechanisms. Further, the R2 fit was less than the fit to the 
uncorrected dissolution data indicating it is not suitable for the correction of 
particle radius. 
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Test Conclusion 
0.4mm sapphire particle: non-discriminating.  
The R2 fit for both mechanisms was poor.  
 
Further, the R2 fit was less than the fit to the uncorrected dissolution data 
indicating it is not suitable for the correction of particle radius. 
 
 Modification of the data using a set active area of the particles in rate 
equations of the chemical reaction and mass transfer models 
In this technique, the rate equation for the chemical reaction and mass transfer 
models in the SCM were recalculated/modified using an active or apparent area 
of the particle. The    value was then obtained via modified rate equations. 
Equations XIV-22 and XIV-24 represent the modified rate equations for a typical 
active area of 60% for mass transfer and chemical reaction models respectively. 
    [.
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Mechanism Test 
 In terms of establishing the mechanism, the test is essentially the same as 
the previous test in section 5.5.1; the simple linearity test based on the SCM. 
Plots of  /   vs. time and  /   vs. time were assessed for linearity using the 
R2 value.  
 The approach was also evaluated in terms improving the R2 value over that 
reported in Table 5-7. 
 
Plots of  /   vs. time and  /   vs. time for a set active area of 60% were 
produced and linearly regressed as can be seen in Figure 5-24.  
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        (a)  
          (b) 
Figure 5-24: (a) Plot of  /   vs. time assuming chemical reaction control and (b) 
plot of  /   vs. time assuming mass transfer control for 0.4mm sapphire-slag T2 
system at 1500°C.   and   are for original data, and    and    are for modified 
data using a set active area of the particle in the rate equation of different 
models. Solid lines and equations represent linear regression fits to data (the 
modification factor of 1.67 was obtained assuming 60% of the particle area is 
active). 
 
Summary of the Test Results 
Figure 5-23 showed that the R2 for  /   vs. time (chemical reaction control) 
plots is higher than that for  /   vs. time (mass transfer control) plots. However 
there was poor agreement between the regression lines and the data with 
R2<0.92 for both mechanisms. Also, the R2 values were higher than those for 
the same system and given in Table 5-7; however, Figure 5-24 showed a 
discontinuity for both  /   vs. time (chemical reaction control) plots and  /   vs. 
time (mass transfer control) plots. 
 
Test Conclusion 
0.4mm sapphire particle: non-discriminating.  
The R2 value was poor and also it was for discontinuous data.  
 
Further, while this test did result in a higher R2 value than that given in Table   
5-7, the discontinuity in the data raised questions about its validity. This 
indicated that it is not suitable for the correction of particle radius. 
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 Assessment of the techniques attempted for modification of the data  
While the primary aim with the modification of the data was identification of the 
dissolution mechanism through the simple linearity test, it was also found that 
the techniques attempted were unsatisfactory for modification of the data. The 
R2 for the modified datasets in Figures 5-22 to 5-24 were compared to that of 
the original data for the 0.4mm sapphire-slag T2 system in Figure 2-20 and are 
given in Table 5-9.  
 
Table 5-9: The fitting parameters, R2, from linear regression of the different 
datasets using the original and modified data for the 0.4mm sapphire-slag T2 
system. 
Data  
A vs. t 
(Chemical reaction) 
B vs. t 
(Mass transfer) 
Original  0.88 0.51 
Modified via set active volume 0.73 0.20 
Modified via volume of spherical frustum 0.82 0.36 
Modified via area fraction in rate equations 0.92 0.70 
 
From Table 5-9, it can be seen that the modified datasets have poorer R2 than 
the original data, i.e. these techniques have not made data any more linear than 
the original data. Only the set active area technique improved the R2 values. It 
was thought unsatisfactory as there was a discontinuity in the data plots. 
  
5.5.2. The use of the Eyring Equation for Assessment of Diffusion 
Coefficient Calculated from the SCM 
On the assumption that mass transfer in the slag phase is rate-controlling, it 
may be expected that the rate of dissolution would correlate with the slag 
viscosity [15, 153-156].  
 
 
In a mass transfer controlled system, Fick’s first law (Equation 5-15) is often 
utilised to describe the rate of dissolution [162] (this is discussed in detail in 
section 5.5.6): 
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                                                                                                       (5-15) 
where   is molar flux in the  -direction (in mol/m2.s),   is diffusion coefficient (in 
m2/s) and   is the molar concentration (in mol/m3). The   in this equation may 
be evaluated from the Eyring equation (Equation 5-16) [162]: 
  
   
  
                   (5-16) 
where    is the Boltzman constant,   is the temperature,   is slag viscosity and 
  is jump distance. From Equation 5-16, it can be seen that  
  
 
 
                                                                                                             (5-17) 
  can be obtained from the SCM (Equation 5-18): 
  
  
    .
 
 
/
  (   )
                                                                                                  (5-18) 
where   is the .
 
  
/
 
   term as defined in Equation 5-12 and other symbols 
are as given in section 2.4.1. 
 
Mechanism Test 
Does the   calculated from the SCM show a 
 
 
 relationship with  ? 
 
Details of the calculation of   are given in Appendix XV. The primary difficulty in 
calculating   in Equation 5-18 is understanding what the slow ion species 
diffusing is and the driving force “  ” associated with that species. Table 5-10 
gives the details of ion and    evaluated for the particles used in this study.  
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Table 5-10: Details of ion and    evaluated for the particles. 
Particle Ion Slag    (mol/m3) Slag   (kg/m3) 
Sapphire 
Aluminium-oxygen 
complex anion 
T1 1517 7.894 
T2 4179 3.013 
T3 7511 1.092 
Alumina-magnesia 
T1 1981 7.894 
T2 6290 3.013 
T3 5691 1.092 
Alumina-magnesia Magnesium cation 
T1 4004 7.894 
T2 2494 3.013 
T3 2301 1.092 
 
Plots of   vs. slag viscosity for sapphire and the alumina-magnesia particle are 
given in Figures 5-25 (a) and 5-25 (b) respectively. 
 
  
Figure 5-25: Plots of   vs. slag viscosity for (a) sapphire and (b) the alumina-
magnesia particle in slags T1 to T3 at 1500°C.   is calculated via Equation 5-18. 
 
Summary of the Test Results 
Figure 5-25 (a) showed that for sapphire,   does not show the 
 
 
 relationship 
with viscosity. In Figure 5-25 (b) for the alumina-magnesia particle,   decreased 
with the increase of slag   when the magnesium cation was assumed to be the 
diffusing species but not so when the aluminium-oxygen complex anion was 
chosen as the rate-controlling species.  
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Test Conclusion 
Sapphire particle: not indicating mass transfer control.  
The test did not show the   
 
 
 relationship and therefore does not support the 
mass transfer control mechanism. 
 
Alumina-magnesia particle: Mass transfer control.  
For the alumina-magnesia particle, the result was less clear. If it is assumed 
that the aluminium-oxygen anion is the controlling diffusing species then the 
data does not have a   
 
 
 relationship and is not supportive of the mass 
transfer control mechanism. If it is assumed that the magnesium cation is the 
controlling diffusing species, then there is a   
 
 
 relationship, indicating mass 
transfer is rate-controlling. 
 
5.5.3. A Time-Progressive Conversion Test using the SCM  
The SCM predicts the progressive dissolution of the particle in the Stokes 
regime when chemical reaction and mass transfer in turn control the rate of 
dissolution (see Figure 2-16). The normalised dissolution curves for chemical 
reaction and mass transfer models in Figure 2-16 are obtained via Equations   
2-63 and 2-67 respectively. 
 
 
   
 
  
    
 
 
   .
 
  
/
 
  
The normalised dissolution curves from the experiments compared to those 
predicted in the SCM for different mechanisms can be used to indicate the rate-
controlling step. 
  
Mechanism Test 
Do the normalised dissolution curves fit with those predicted for chemical 
reaction control or mass transfer control forms? 
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The predicted curves for chemical reaction and mass transfer models in the 
SCM (Equations 2-63 and 2-67) are compared to the experimental results in 
Figures 5-26 to 5-28 for sapphire and in Figure 5-29 for the alumina-magnesia 
particle. 
 
 
Figure 5-26: Progress of reaction of 0.2mm sapphire in slags T1 to T3 at 
1500°C in terms of time for complete reaction; results are compared to the 
kinetic models. 
 
 
Figure 5-27: Progress of reaction of 0.3mm sapphire in slags T1 to T3 at 
1500°C in terms of time for complete reaction; results are compared to the 
kinetic models. 
 
 
Figure 5-28: Progress of reaction of 0.4mm sapphire in slags T1 to T3 at 
1500°C in terms of time for complete reaction; results are compared to the 
kinetic models. 
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Figure 5-29: Progress of reaction of 0.4mm alumina-magnesia in slags T1 to T3 
at 1500°C in terms of time for complete reaction; results are compared to the 
kinetic models. 
 
Summary of the Test Results 
The results of this test for sapphires of different initial size were not the same. 
The dissolution curves for 0.2mm and 0.4mm sapphires were generally in 
agreement with the mass transfer model, the exception being for the 0.4mm 
particle in slag T2 (see Figures 5-26 and 5-28). In Figure 5-27, for the 0.3mm 
particle though, the curves for slags T1 to T3 were in agreement with the 
chemical reaction model.  
 
Dissolution curves for the alumina-magnesia particle in Figure 5-29 were 
generally in agreement with the chemical reaction model.  
 
Test conclusion  
Sapphire particle: non-discriminating. 
Though classed as non-discriminating, the majority of the data were consistent 
with mass transfer in slag phase control. 
 
Alumina-magnesia particle: chemical reaction control. 
The data were consistent with chemical reaction control. 
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5.5.4. Effect of the Initial Particle Size in the Progressive 
Conversion Test of the SCM 
The SCM predicts the time needed to achieve the same fractional dissolution 
for particles of different initial sizes in different kinetic mechanisms. The criteria 
for chemical reaction and mass transfer control, Equations 2-65 and 2-69 
respectively [129], are represented below.  
           
     1.5 to 2        
Definition of all symbols is given in section 2.4.1. Plots of      vs.     should 
have a slope of 1 for chemical reaction control or 1.5 to 2 for mass transfer 
control. 
 
Mechanism Test 
Do plots of      vs.     have slopes of 1 or 1.5 to 2 representing chemical 
reaction or mass transfer control respectively? 
 
As the initial particle size was only varied for sapphire, this test only applied to 
sapphire. The test was carried out for two dissolution fractions of 50% and 80% 
and the results are shown in Figures 5-30 (a) and 5-30 (b) respectively.  
 
                             (a) 
 
  (b) 
Figure 5-30: Plots of      vs.      for sapphires of different initial size in (a) 50% 
dissolution and (b) 80% dissolution.  
 
 
 
y = 2.0082x - 1.2875 
R² = 0.9174 
y = 1.0928x + 1.7961 
R² = 0.8721 
y = 1.5017x - 0.715 
R² = 0.9808 4.0
5.0
6.0
7.0
8.0
9.0
2.5 3.0 3.5 4.0 4.5
Ln
 t
 
Ln R 
T1 (B=0.34)
T2 (B=0.49)
T3 (B=0.69)
y = 1.852x + 1.4594 
R² = 0.9997 
y = 1.5137x + 1.8896 
R² = 0.9394 
y = 1.5766x + 0.7322 
R² = 0.9994 
4.0
5.0
6.0
7.0
8.0
9.0
2.5 3.0 3.5 4.0 4.5
Ln
 t
 
Ln R 
T1 (B=0.34)
T2 (B=0.49)
T3 (B=0.69)
198 
 
Summary of the Test Results 
Figure 5-30 showed that the slope of the regression lines for both 50% and 80% 
dissolution are all between 1.5 and 2, and have good degree of fit parameters to 
the data, the exception being the dataset for the 50% dissolution in slag T2 
which had a slope of ~1.1. This dataset also has the poorest R2 (=0.8721). 
 
Test Conclusion 
Sapphire particle: mass transfer control. 
The slope of      vs.     had slopes of 1.5 to 2 representing mass transfer 
control. 
  
5.5.5. Summary of the Rate-controlling Mechanism Tests 
A summary of the findings of the mechanism tests is given in Table 5-11 and 
Table 5-12 for the sapphire and alumina-magnesia particles respectively. 
 
The attempts to correct the simple linearity test have not been included as they 
proved to be no more effective in fitting the data. 
 
Table 5-11: Summary of the test conclusions for the dissolution mechanism of 
sapphire. 
Mechanism Test Finding Comment 
Simple linearity test based on 
the SCM 
Non-discriminating - 
The use of the Eyring 
equation for assessment of 
the diffusion coefficient 
calculated from the SCM 
Not indicating 
mass transfer 
control 
- 
A time-progressive 
conversion test using the 
SCM 
Non-discriminating 
Though classed as 
non-discriminating, the 
majority of the data 
were consistent with 
mass transfer control 
Effect of the initial particle 
size in the progressive 
conversion test of the SCM 
Mass transfer 
control 
- 
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Table 5-12: Summary of the test conclusions for the dissolution mechanism of 
the alumina-magnesia particle. 
Mechanism Test Finding Comment 
Simple linearity test based on 
the SCM 
Chemical reaction 
control 
- 
The use of the Eyring equation 
for the assessment of the 
diffusion coefficient calculated 
from the SCM (assuming the 
aluminium-oxygen anion is the 
rate-controlling species) 
Not indicating 
mass transfer 
control 
- 
The use of the Eyring equation 
for assessment of the diffusion 
coefficient calculated from the 
SCM (assuming the 
magnesium cation is the rate-
controlling species) 
Mass transfer 
control 
Given that the 
magnesium cation is 
smaller than the 
aluminium-oxygen 
anion [192-193] it is 
likely to have a greater 
mobility and unlikely to 
be rate-limiting.  
A time-progressive conversion 
test using the SCM 
Chemical reaction 
control 
- 
 
Review of Table 5-11 does not indicate a clear finding on what is the rate-
controlling mechanism for the dissolution of the sapphire particle into the slags. 
There is a general indication that the mass transfer in the slag phase is rate- 
controlling from changes in the initial particle size test and to some degree the 
time-progressive conversion test. From the data analysis carried out, a definitive 
conclusion on the rate-controlling mechanism of the sapphire into the CaO-
Al2O3-SiO2 slags tested cannot be made. Notwithstanding this point, there are 
indications that it may in part be mass transfer in slag phase controlled. This 
conclusion is consistent with that found for sapphire/alumina particles in the 
literature [13, 17, 19, 143, 145, 146, 150].  
 
Review of the data presented in Table 5-12 would indicate on balance that the 
rate of dissolution of the alumina-magnesia particle is in part limited by the 
chemical reaction at the particle-slag interface. This is strongly indicated in the 
simple linearity test and time-progressive conversion test. Only the use of the 
Eyring equation-diffusion coefficient test assuming the transfer of the Mg2+ was 
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rate-limiting, indicated the mass transfer control mechanism. While in theory this 
is possible, it would indicate that the mobility of this ion as expressed in terms of 
a diffusion coefficient is < O2-, AlO3
3- or other larger ions (cation or anion). This 
is unlikely to be the case. Generally it can be expected that the increased size 
of the ion or molecule decreases mobility and is therefore considered to be rate-
limiting [162]. 
 
In conclusion, based on the finding presented in Table 5-12, the dissolution of 
the alumina-magnesia particle in slags in the CaO-Al2O3-SiO2 system for the 
compositions test is at least in part chemical reaction control at the interface. 
  
5.5.6. Issues Associated with the Application of the SCM to the 
Dissolution Data   
There are at least two particular aspects of application of the SCM to the 
dissolution data that are problematic. 
 Is the infinite approximation with respect to the bulk slag composition met? 
 Is the rate of particle rotation in the slag a constant? 
These shall be dealt with in turn. 
 
 The infinite approximation 
In the derivation of the SCM, it is assumed that the bulk composition is 
unchanging. In the set-up used in this study, the ratio of particle mass to slag 
mass or number of moles of oxide in the particle to number of moles of oxide in 
slag are 1 : 3546 and 1 : 5689 respectively. These values approximate to an 
infinite volume of slag conditions and are consistent with the SCM. Though the 
values presented were calculated for a 0.3mm diameter sapphire particle in slag 
T2 they would be of a similar order for the other particle-slag systems studied. 
  
In all particles > 0.2mm in diameter, after a period of time, the particle sank to 
the bottom of the crucible. This has also been widely reported in the literature 
by other authors [151, 155, 157]. Under such circumstances there is the 
potential for the infinite volume assumption of the SCM to be breached. From 
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Figure 5-31, it can be seen there is possibility for the slag area between the 
particle and the bottom of the crucible to become enriched with Al2O3 in the 
case of sapphire and Al2O3 and MgO in the case of the alumina-magnesia 
particle. 
 
 
Figure 5-31: A schematic representing the dissolution of the particle after 
sinking to the bottom of the crucible. 
 
The enrichment may occur as fluid flow conditions in the region bounded by the 
lower surface of the particle and the bottom of the crucible are constrained, 
limiting renewal of the local slag by bulk. Under such conditions, the 
concentration of this local slag may tend to the saturated composition. 
 
Review of Equations 2-64 and 2-68 for chemical reaction control and mass 
transfer control of dissolution of particle in slag has a    term. 
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This    term is explicitly defined in Appendix XV. The    tends to zero as the 
bulk slag composition tends to a saturated value. This would result in a slowing 
or stopping of dissolution of the particle in the area where the slag is enriched 
by dissolution of the particle. Considering Figure 5-31, this would result in the 
asymmetric dissolution of the particle. Attempts to treat this problem as a 
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reduced active area/volume in section 5.5.1.1, to aid dissolution analysis, 
proved unsuccessful. It is an area that will require further research to fully 
understand and quantify.  
   
 Rate of Particle Rotation 
There were a number of particles that appeared to rotate (see observation 
section 4.3) during dissolution in the slag. This has also been widely reported in 
the literature [13, 148, 150, 151, 157]. It would be reasonable to assume that 
any rotation would affect only mass transfer controlled dissolution systems and 
not chemical reaction controlled systems. Rotation would affect any boundary 
layer formed on the particle as a result of mass transfer limitation (see Figure   
2-15). This boundary layer is a function of the fluid velocity. This causes two 
problems. 
 
1. If the particle rotation is variable then there is an added parameter not 
accounted for in the experiments that may significantly affect dissolution. 
2. The SCM (Equation 2-68) is derived assuming a Stokes regime [129] where 
flow around the particle is zero. The rotation may violate this assumption. 
 
The rotation effect may explain why the probable mass transfer controlled 
dissolution of the sapphire particle was poorly discriminated whereas the rate-
limiting step for the alumina-magnesia particle was more readily identified as it 
was chemical reaction controlled and therefore not affected by rotation. 
 
There were attempts to assess the rotation velocity of the sapphire and 
alumina-magnesia particles. Unfortunately the choice of precise engineered 
spheres, chosen to minimise experimental error associated with radius 
measurement, made this extremely difficult. Generally there was no defining 
features on the spheres that could be used as a marker to aid measurement of 
the rotation velocity.  
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5.5.7. Physical Evidence in Support of the Reaction Mechanism 
In order to characterise the slag-particle interface with a view to aid establishing 
the reaction controlling mechanism, a series of dissolution experiments in the 
LSCM were arrested, quenched, sectioned, polished and examined by SEM-
EDS (see section 4.3.1, micrographs/maps/linescans in Figures 4-19 to 4-22).  
 
For the sapphire particle-slag systems, Figures 4-19 (a) and 4-20 (a) in slags T1 
and T3 respectively, there appears to be an enriched Al layer around the 
particle-slag interface on the slag side of the interface. EDS linescan analysis 
shown in Figures 4-19 (b) and 4-20 (b) confirm this. Is this evidence of a 
“stagnant” layer as expected in a mass transfer controlled reaction? Perhaps, 
though it is difficult to be certain as the layer may also be a result of 
precipitation of an alumina rich phase on cooling. 
 
For the alumina-magnesia particle-slag system, the appearance of the interface 
for the T1 (Figure 4-21 (a)) is distinctly different from that of the sapphire 
particle and slag but similar for the slag T3 (Figure 4-22(a)). Just below the 
surface of the alumina-magnesia particle in the slag T1, a two phase layer was 
formed with an enriched Mg phase and a pure Al phase (see Figure 4-21 (a)). 
Further looking at the linescans of this particle, Figure 4-21 (b), there is little 
evidence of any concentration gradients in the slag phase. The higher Mg level 
at the particle edge is a result of the linescan passing through the Mg rich area 
of the solid particle.  
 
Is this indicative of a reaction mechanism? The lack of concentration gradients 
in the slag phase is consistent with mass transfer in the slag phase not being 
controlling.  
 
Does it indicate chemical reaction control? Perhaps though there is the 
possibility of a diffusion controlled reaction associated with Mg or Al transport 
within the particle. If it was the case then there would be an expectation of 
concentration gradients within the particle. The spatial resolution of the Mg and 
Al curves is similar to that of any concentration gradient shown in the solid side. 
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While the elemental Al and Mg maps (Figure 4-21 (a)) give the appearance of 
concentration gradients in the solid phase, these are not immediately apparent 
in the linescans (Figure 4-21(b)). Any possible gradient in the linescans 
appeared steep. Passing through the acicular pure alumina phase gave rise to 
disruptions in the elemental linescans, which also helped to obscure any 
concentration gradients. 
 
Therefore it is not clear whether the particle shown in Figure 4-21 is a chemical 
reaction controlled at the slag-particle or intra particle product interface. 
Diffusion control in the particle side of the interface, or chemical reaction control 
in the two phase layer (Mg rich and Al rich) on the surface of the particle has not 
been evaluated. 
 
The quenching, sectioning and characterisation analysis presented in this thesis 
was carried out vary late in this Ph.D. study. As such, diffusion or chemical 
reaction within the particle has not been investigated. It is an obvious area that 
requires further delineation and should be followed up in future studies of these 
slag-inclusion systems. 
 
For the alumina-magnesia particle in slag T3, the appearance is similar to that 
of the sapphire particle and therefore consistent with mass transport in the slag 
phase. It may be for the alumina-magnesia particle system the reaction 
mechanism changed in changing from slag T1 to T3.  
 
In summary, though not definitive, the physical characterisation of the particle-
slag interface for the sapphire particle-slag system was broadly consistent with 
mass transfer control in the slag phase reaction system. The alumina-magnesia 
particle-slag T1 was consistent with chemical reaction control at the particle-
slag interface but could also have been diffusion limited within the particle. The 
alumina-magnesia particle-slag T3 was similar to that of the sapphire particle 
and consistent with mass transfer control in the slag phase. 
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5.6. Effect of the Slag-Inclusion Interfacial Properties on the 
Removability of Inclusions 
Inclusions are normally removed from liquid steel by optimising ladle-stirring 
conditions to promote slag-inclusion contact. The inclusions can then transfer 
across the steel-slag interface and dissolve in the slag. The transfer of 
inclusions across the steel-slag interface is strongly influenced by interfacial 
properties [2, 6]. Models  developed to deal with the effect of interfacial forces 
on inclusion transfer across the steel-slag interface have shown that this 
process is favoured when   for the steel-inclusion is > 90° (non-wetting) and 
that this value is >   for the inclusion-slag (  steel-inclusion >   slag-inclusion) [3-6, 79].  
 
In this study, only the   for the inclusion-slag was evaluated. While this may 
limit direct applicability of the experimental results to steelmaking, the data 
generated offer the possibility of analysis that could inform either slag 
composition selection or inclusion type or modification that promotes inclusion 
removal. 
 
All of the   data obtained in this study (Figures 4-1 and 4-2) for the slag-
substrate systems (alumina, spinel and calcium aluminate) displayed dynamic 
wetting behaviour, with the initial  value being < 90° then decreasing rapidly, 
that is, becoming more wetting, to something approaching a plateau value.   in 
the first few seconds indicated the great reactivity of slag and inclusions and is 
likely to reveal an efficient removal of the inclusions studied by the slags used. 
 
The removal is also dependent on   data for steel-inclusion systems. While       
  steel-inclusion values were not measured in this study, a review of the published 
data would offer opportunities to compare   steel-inclusion and   slag-inclusion values 
and provide more robust conclusions on the removability of inclusions. The   
data found for a range of iron/steel compositions on alumina, spinel and calcium 
aluminate substrates at similar temperature range to those in this study, are 
given in Table 5-13. 
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Table 5-13:   of iron/steel compositions on alumina, spinel and calcium 
aluminate.  
Substrate Iron/steel composition T (°C) θ (°) Reference 
Al2O3 
Pure Fe 1530-1600 111-144 [83, 103] 
Fe-<2%[C] 1520 105 [103] 
Fe-0.2% to 5%[C] 1450-1580 112-142 [96, 103] 
Alloy steels including 
V, Mo and Ni 
1550-1600 106-126 [83] 
MgAl2O4 Pure Fe 1550 107-138 [98] 
CaO.Al2O3 Fe-2% and 5%[C] 1450-1500 110-116 [96] 
 
All of the   data for the iron/steel-substrate systems in Table 5-13 displayed 
non-wetting behaviour, with   steel-inclusion >90°. The >90° for   for iron/steel-
substrate compared with the <90° measured for all slag-substrates representing 
inclusions measured in this study favours inclusion removal. The   data 
obtained in this study also offer an opportunity for analysis that would inform 
slag types and compositions that promote inclusion removal. Further, the data 
also offer the possibility of ranking the removability of different types of 
inclusion. This information could be used when deciding a steel deoxidation 
practice or inclusion modification procedure.  
 
Through the dynamic   data in section 4.1 and also the     values obtained in 
section 5.4 it was found that ladle type slags appeared more suitable for 
inclusion removal as they resulted in a lower   and     values on the substrates 
studied. Further, it was also found that for a given slag composition, calcium 
aluminate with greater wettability (lower  ) and smaller     would be easier to 
remove from steel than spinel and alumina.  
 
The significance of wetting/interfacial tension values on the removability of 
inclusion may be assessed with respect to the concept of work of adhesion,   
[82].  was calculated for the systems studied via Equation 2-53:  
     (      )   
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where   is the slag-substrate contact angle and     is the slag-vapour 
interfacial tension.  
 
The     values for slags used were obtained via the NPL Slags Model [127] and 
detailed in section 5.1.2, are given in Table 5-1. The compositions used in the 
NPL Slags Model [127] were those given in Tables 3-1 and 5-2 for initial and 
plateau slags, as described in section 5.4.2.  
 
The initial and plateau   values as provided in Figures 4-1 and 4-2 were used in 
the calculation of  . The   values obtained for the systems studied were 
plotted vs.  ,     and slag   (basicity) and are given in Figures 5-32 to 5-34 
respectively. In these figures, part (a) represents  calculated using initial   and 
part (b) represents  calculated using plateau  . 
 
 
          (a) 
 
        (b) 
Figure 5-32: Effect of (a) initial   and (b) plateau   on work of adhesion. 
 
 
             (a) 
 
          (b) 
Figure 5-33: Effect of (a) initial     and (b) plateau     on work of adhesion. 
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      (a) 
 
      (b) 
Figure 5-34: Effect of (a) initial slag   and (b) plateau slag   on work of 
adhesion. 
 
From Figures 5-32 to 5-34 and Equation 2-53 it can be seen that: 
 the lower the   and    , the greater the   
 L-type slags give a greater  than T-type slags 
   is increasing from time zero (initial) to the extended times (plateau) 
 plateau  is less sensitive to the slag composition than the initial  for slag 
types 
 
The greater   is indicative of a stronger bond between slag and inclusion, i.e. 
greater energy would be required to break the slag-inclusion bond. Using the 
concept of   for the evaluation of removability of inclusions from   and     
data, it can be concluded that all other factors being equal, the efficiency of 
removal of inclusions from liquid steel is likely to be greater using L-type slags. 
Also, within the slag types L and T, the removability is likely to be greater with 
slags of higher basicity. It can be also concluded that from a dynamic   and/or 
    perspective, calcium aluminate with a greater   is easier to remove from 
the steel than spinel, which in turn is easier than alumina for the slag 
compositions examined. 
 
5.6.1. Effect of Inclusion Morphology on Removability 
The primary focus for evaluation of wetting characteristics on substrates of 
different porosity in this study was an attempt to assess the quality of the 
substrate used on the wetting measurements (limitations of the experiment) as 
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discussed in section 5.2.1. However, it also offers opportunities to gain insight 
into how certain inclusion morphologies might react with the slag. 
 
The difference in slag penetration into substrates of different porosity is likely to 
be important when considering inclusions in steel. For inclusions with a dendritic 
structure and/or that are highly agglomerated [17, 194, 195], the wetting values 
measured and penetration of the substrates observed would indicate that the 
voids and valleys in these inclusions could be penetrated by slag. This 
penetration would result in an improved bond between the slag and inclusion, 
thus lessening the probability of it returning to the steel. 
 
In addition to the slag properties and inclusion type discussed in this study other 
factors including agglomeration of inclusions, size and morphology of inclusions 
will also affect inclusion removal. 
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6. Conclusion 
In this project a detailed investigation was conducted to study the inclusion-slag 
interfacial/wetting chemistry and dissolution kinetics. The focus of this project 
was evaluation of the dynamic wetting (θ) and interfacial tension (σ) of steel 
refining slags on oxide substrates representing steelmaking inclusions and 
fundamental understanding the dissolution kinetics of oxides in slag (i.e. 
establishing the rate-controlling step of dissolution). 
 
The aims of the project were covered through two experimental streams and a 
thermodynamic modelling. The θ of ladle type (L-type) slags and tundish type 
(T-type) slags in the CaO-Al2O3-SiO2-(MgO) system on substrates of alumina, 
spinel and calcium aluminate was measured using a sessile drop technique at 
1500°C. The θ data were used for calculation of σ. The θ behaviour was 
modelled using the Choi and Lee wetting model. Further, extensive SEM-EDS 
characterisation of the slag-substrate interface was conducted.  
 
The wetting behaviour was dynamic in character for  the systems tested i.e. for 
L-type slags, θ changed from ~40° at time zero to ~10° at the extended times 
and for T-type slags, θ changed from ~55° to ~7° in the same time period. The θ 
of slag on substrate decreased rapidly in the first 10 seconds tending to a 
plateau value at the extended times. The θ behaviour was explained in terms of 
slag-substrate reactivity and found to be a function of slag composition and 
substrate phase. The key findings in this study are 
 
1. Slag composition affected θ and σ. This was in part explained by changes 
in slag structure as inferred by  slag basicity (B), optical basicity (Λ) and 
NBO/T. It was found that 
• θ decreased by increasing slag B, Λ and NBO/T for both T and L type 
slags. This trend was more pronounced for T-type slags than for L-type 
slags. There was however a different trend of change of θ with B, Λ 
and NBO/T for L-type and T-type slags. While the θ of L-type slags 
was independent of B, Λ and NBO/T, for T-type slags the θ decreased 
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with increasing B, Λ and NBO/T. The sensitivity of θ in the T-type slags was 
linked to the fact that changes in slag composition in this regime have a 
more profound effect on both slag structure and viscosity than in the basic 
slags. 
 
• L-type basic slags resulted in lower σ than the T-type acid slags on all the 
substrates. The higher σ for T-type slag-substrate systems than that of    
L-type slags was consistent with Young’s equation i.e. T-type slags have 
higher θ and lower σ to that of L-type slags. Also, within the slag types, σ 
decreased with increase in slag basicity. There was a correlation between 
σ and slag structure i.e. σ decreased linearly with increase of slag Λ and 
decreased logarithmically with increase of slag viscosity from L-type basic 
slags to T-type acidic slags. This indicated a higher σ as the ions in the 
slag become larger and more complex.  
 
• The Choi and Lee wetting model fitted all spreading data well for all slag 
substrate systems tested. Detailed analysis of the fitting parameters 
indicated though, that although the model fitted all data well, it physical basis 
was questionable for acid slags but was well founded for basic slags. 
 
2. The substrate material also affected the θ and σ. θ and σ for calcium 
aluminate < spinel which in turn was < alumina. θ and σ to be a function of 
substrate is consistent with Young’s equation. It was also found that the 
change of porosity of spinel substrate from 6.7% to 1.9% had little effect on 
θ of L-type slags (~3°). However, there was a ~45% decrease in the depth of 
slags penetration when the substrate porosity decreased from 6.7% to 1.9%. 
This is consistent with slag penetration into refractory models. 
 
3. θ also varied with time. It was found that 
• The time dependency of θ was predominantly a result of slag-substrate 
reactivity. Evidence for reactivity was (a) thermodynamic, through phase 
analysis of the slag-substrate systems using MTDATA, (b) the 
reaction/penetration of the slags with/in the substrates and consistency of 
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the reaction interface phases with the thermodynamic modelling and (c) the 
wear/erosion/corrosion of the substrate surface by slag. 
 
• The time dependency of θ was also as a result of slag composition/structure 
with time. EDS analysis of the reacted slag indicated that the slags are 
enriched in Al2O3 and depleted in CaO compared to the initial compositions 
i.e. become more acidic with time. This could cause an increase in ion size 
in the slag and likely increase the slag viscosity. This change in slag 
structure/viscosity affected the θ change with time. 
 
4. There was evidence of slag L1 penetration into spinel substrate in short 
contact times. The depth of penetration though decreased from 190µm in 
the standard sessile drop experiment to ~50µm for the sample cooled on the 
bench top and to ~30µm in the dip test. The contact time for these tests was 
60, 3 and 1 second(s) respectively. This decrease in the depth penetration 
was consistent with the slag penetration model into refractories.  
 
The slag-inclusion systems evaluated in this study were more wetting (θ<90°) 
than iron/steel on the same inclusion types (where θ>90°). From calculation of 
the work of adhesion (W) for the systems studied, it was found that L-type slags 
had a greater W than T-type slags, i.e. the slags formed a stronger bond with 
the inclusions phases examined. This indicated that all other factors being 
equal, the efficiency of inclusion removal from steel would be higher using       
L-type slags. It was also found that calcium aluminate with greater W will be 
more easily removed from the steel than spinel which in turn was easier than 
alumina for the slags tested. These data could be used to inform slag 
composition selection to optimise inclusion removal or inform selection of new 
deoxidation or inclusion modification practices to deal with inclusions.  
 
The dissolution of the oxide particles in T-type slags was measured using a 
LSCM at 1500°C. The rate of dissolution of the oxide particles was measured 
by tracking the change in size of the particles with time. The rate of dissolution 
of the particles was a function of both the slag and particle composition.           
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In general, the rate of dissolution increased for both sapphire and the alumina-
magnesia particles as the slag was changed from T1 to T3 (as the basicity 
increased). 
 
The rate-controlling mechanism for the dissolution of the oxide particles in the 
T-type slags was primarily assessed using the rate data in conjunction with 
several tests based on the SCM. Characterisation of the slag-inclusion interface 
was also used as evidence of the rate-controlling mechanism. Based upon the 
uncertainties, problems and limitations with the data, it was difficult to make a 
robust conclusion for the dissolution mechanism of the oxide particles in the    
T-type slags. However, there were some indications of the rate-controlling 
mechanism for both the sapphire and alumina-magnesia particles. 
 
1. For sapphire particles, the data analysis carried out did not give a definitive 
conclusion on the rate-controlling mechanism. However, there were 
indications that the dissolution of sapphire was at least in part controlled by 
mass transfer in the slag phase.  
• This was indicated by testing changes in the initial size of the sapphire 
particles, and to some degree by the time-progressive conversion test. 
• A concentration gradient was found from the slag-particle interface to the 
slag bulk for the sapphire particles in both slags T1 and T3 tested, which 
may be expected in mass transfer in the slag phase was controlling.  
 
2. For alumina-magnesia particles, chemical reaction control appeared to be, 
at least in part, rate-controlling for the dissolution of the particles into the 
slag. 
• This was strongly indicated in the simple linearity test based on the SCM 
and the time-progressive conversion test. 
• For the case of the alumina-magnesia particle in slag T1, a concentration 
gradient in the slag was not immediately obvious, unlike the other cases. 
This possible lack of a concentration gradient in the slag could also support 
chemical reaction, rather than mass transfer, being rate-controlling. 
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7. Recommendations for Further Studies 
1. In this study the dynamic wetting measurements were limited to a range of 
slag compositions and physical properties that represented ladle and tundish 
slags. It is recommended that the wetting measurements be completed on a 
range of compositions that a more representative of steelmaking as a whole. 
This would improve understanding the slag-inclusion wetting/reactivity across 
the steelmaking process and further aid slag composition optimisation for 
inclusion removal. 
  
2. In this study, the dynamic wetting behaviour of the slags examined was 
modelled using the Choi and Lee wetting model. The physical basis of the 
model was studied through analysis of the fitting parameters of the model, 
θ,
 , θ,
  and m. However, the fitting parameter k was not studied due to 
time limitations. This parameter is either associated with the jump frequency of 
the diffusing species or the bonding energy of the reaction species. It is 
recommended that this parameter be studied in more detail. This would improve 
our understanding of the physical basis of the Choi and Lee wetting model. 
 
3. The dissolution data obtained in this study were associated with an 
experimental issue i.e. sinking of the particles to the bottom of the crucible. This 
issue profoundly affected the experimental results and compromised any robust 
conclusion for the mechanism of dissolution. It is recommended that the LSCM 
dissolution experiments be repeated with a focus on affectivity reaction area 
and the data be compared to that of reported in this study. 
 
4. In this study, the concept of the Eyring equation was used to assess the 
diffusion coefficient of the rate-limiting species and to establish the dissolution 
mechanism. However, it was not certain that which ion (Mg2+, AlO3
3-, etc.) would 
be the rate-limiting species when the diffusion coefficient was calculated. It is 
recommended that further investigation of the literature be carried out for 
identification of the rate-limiting species in the dissolution reaction. 
 
215 
 
5. This study was focused on the effective parameters on wettability and 
penetration of inclusions. While in steelmaking the wettability and penetration of 
refractories is of interest, refractories have different composition to the 
inclusions studied here. It is recommended that in future studies the effective 
parameters on slag wetting and penetration of refractories be assessed using a 
similar methodology developed in this study. 
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Appendix I – Interaction Coefficient of the Elements (  
 
) in 
Liquid Iron 
Table I-1: The   
 
 values in liquid iron at 1600°C [2, 37]. 
I,J Al B C Ca Ce Co Cr Cu 
Al 0.043   0.091 -0.047     *   
B   0.038 0.22           
C 0.043 0.224 0.243 -0.097 -0.0026 0.075 -0.023 0.016 
Ca -0.072   -0.34 -0.002     * * 
Ce *   -0.077   0.0039       
Co     0.02     0.00509 -0.022   
Cr     -0.114     -0.019 -0.0003 0.016 
Cu     0.066       0.018 -0.02 
H 0.013 0.058 0.06   0 0.0018 -0.0024 0.0013 
Mg *   0.15           
Mn * -0.0236 0.0414 * 0.054 -0.0036 0.0039   
Mo     -0.14       -0.0003   
N 0.01 0.094 0.13     0.012 -0.046 0.009 
Nb     -0.486           
Ni     0.032 -0.066     -0.0003   
O -1.17 -0.31 -0.421 -515 -64 0.008 -0.055 -0.013 
P 0.037 0.015 0.126     0.004 -0.018 -0.035 
S 0.041 0.134 0.111 -110 -9.1 0.0026 -0.0103 -0.0084 
Se                 
Si 0.058 0.2 0.18 -0.066     -0.0003 0.0144 
Sn     0.18       0.015 -0.0240 
Ta     -3.5           
Ti *           *   
V     -0.14       0.0119   
Zr                 
* depend on melt composition  
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Table I-1 – continued: The   
 
 values in liquid iron at 1600°C [2, 37]. 
I,J H Mg Mn Mo N Nb Ni O 
Al 0.24   *   0.015   * -1.98 
B 0.58 * -0.00086   0.0741     -0.21 
C 0.67 0.07 -0.0084 -0.0137 0.11 -0.059 0.01 -0.32 
Ca     *       -0.044 -580 
Ce -0.6   0.13         -560 
Co -0.14   -0.0042   0.037     0.018 
Cr -0.34   0.0039 0.0018 -0.1821   0.0002 -0.189 
Cu -0.19       0.025     -0.065 
H 0   -0.002 0.0029   -0.0033 -0.0019 0.05 
Mg             * -3 
Mn -0.34 * 0 0.0046 -0.091 0.0035 -0.0072 -0.083 
Mo -0.13   0.0048 0.0121 -0.1     0.0083 
N     -0.02 -0.0113 0 -0.0679 0.007 -0.12 
Nb -0.7   0.0093   -0.4761 0   -0.7120 
Ni -0.36   -0.008   0.015   0.0007 0.01 
O 0.73 -1.98 -0.021 0.005 -0.14 -0.1196 0.006 -0.1743 
P 0.33   -0.032 0.001 0.13 -0.012 0.003 0.13 
S 0.41   -0.026 0.0027 0.01 -0.013 0 -0.27 
Se         0.014       
Si 0.64   -0.0146 2.36 0.092 0 0.005 -0.119 
Sn 0.16       0.027     -0.11 
Ta -0.47   0.0016   -0.6845     -1.2218 
Ti -1.1   -0.043   -2.0411   * -3.4 
V         -0.46 
Zr         -23 
* depend on melt composition 
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Table I-1 – continued: The   
 
 values in liquid iron at 1600°C [2, 37]. 
I,J P S Si Sn Ta Ti V Zr 
Al 0.033 0.035 0.056     *     
B 0.008 0.048 0.078           
C 0.051 0.044 0.0785 0.022 -0.23   -0.03   
Ca   -140 -0.096 *   * *   
Ce   -40             
Co 0.0037 0.0011             
Cr -0.033 -0.17 -0.004 0.009   0.06 0.012   
Cu -0.076 -0.021 0.027 -0.0128         
H 0.015 0.017 0.027 0.0057 0.0017 -0.0188 -0.0074 -0.0087 
Mg     *     *     
Mn -0.06 -0.048 -0.0173   0.0035 -0.05 0.0057   
Mo -0.006 -0.0006 8.05           
N 0.059 0.007 0.048 0.007 -0.0488 -0.5934 -0.1231 -0.63 
Nb -0.045 -0.046 -0.01           
Ni 0.0018 -0.0036 0.006           
O 0.07 -0.133 -0.066 -0.0111 -0.1030 -1.12 -0.1406 -4 
P 0.054 0.034 0.099 0.013   -0.04 -0.024   
S 0.035 -0.046 0.075 -0.0044 -0.019 -0.18 -0.019 -0.21 
Se                 
Si 0.09 0.066 0.103 0.017 0.04 1.23 0.025   
Sn 0.036 -0.028 0.057 0.0017         
Ta   -0.13 0.23   0.1091       
Ti -0.06 -0.27 2.1     0.042     
V -0.042 -0.033 0.042       0.2040   
Zr   -0.61           0.032 
* depend on melt composition 
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Appendix II – Details of Calculation of     Values using NPL 
Slags Model [127] and Validation of the obtained     Values  
The     of slags in the NPL Slags Model [127] is obtained via Equation II-1: 
                                                                                           (II-1)   
where   is mole fraction and   is the partial molar surface tension of slag 
constituents and are given in Table II-1. The molecular weight for CaO, Al2O3, 
SiO2 and MgO used in Equation II-1 are 56.1, 102, 60.1 and 40.3 g/mol 
respectively [187]. The predicted     values by NPL Slags Models have been 
found to be within ±10% of the experimental values [127]. 
 
Table II-1: The    values of the slags constituents at 1500°C [127]. 
Oxide CaO Al2O3 SiO2 MgO FeO MnO TiO2 
  (mN/m) 625 655 260 635 645 645 360 
 
II.1. Validation of the Model for use in CaO-Al2O3-SiO2 Slag Systems 
A simple validation exercise was carried out to ensure the NPL Slags Model 
[127] predicted     values are representative of slags in the CaO-Al2O3-SiO2 
system, similar to the slags used in this study. NPL Slags Model values of     
were calculated then compared to     reported by Choi and Lee [128] (see 
Table II-2). 
    
Table II-2: A comparison between     values obtained for three slags (used in 
Choi and Lee [7] study) using the NPL slags model [127] and, the Choi and Lee 
    calculation model [128] at 1600°C. 
Slag 
Slags composition (mass %)      (mN/m) 
CaO Al₂O₃ SiO₂ 
Choi and Lee model 
[128] 
NPL Slags Model 
[127] 
1 26.2 19.6 54.2 423 403 
2 31.4 18.2 50.4 433 419 
3 41.9 15.4 42.7 457 452 
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Choi and Lee [128] used the Butler equation (Equation II-2) for a       
ternary solution, 
       
  
  
  
  
 
  
  
 
  
      
   
   
(    
    
 )  
 
  
  
  
(    
    
 )                       (II-2) 
where    is surface tension of pure components  ,   is gas constant,   is 
temperature,    is molar surface area of component  ,       
  is the ternary pre-
factor of   in       ternary system,    is mole fraction of component  ,    is 
related to the ionic distance of  ,    
   
 and   
  
 are partial excess Gibbs free 
energy of component   in the surface and in the bulk phase respectively. 
Superscripts   and   denote bulk and surface respectively.  
 
The slag compositions and temperature used to calculate the NPL Slags Model 
    were the same as that reported by Choi and Lee [128]. From Table II-2 it 
can be seen that the     values obtained from NPL Slags Model with that 
reported by Choi and Lee [128] that the absolute values are slightly lower and 
that the trend with composition is similar. This is considered good agreement as 
it is well understood that there is significant uncertainty in high temperature 
interfacial and wetting data in slag systems.  
 
The NPL Slags Model [127] rather than Choi and Lee     calculation using the 
Buttler model [128] was preferred for use in this study as  
 It was simple and convenient to apply. 
 It had broader application. A number of parameters needed for the 
application of the Butler model (Equation II-2) [128] were not available for 
the slags used in this study, such as the   ,   
   
,   
  
,       
  and   . Further, 
the effect of MgO (the forth constituent as used in the L-type slags) on the 
Butler model was not considered. 
242 
 
Appendix III – Sessile Drop Size  
The suitable size of droplet for contact angle measurement in sessile drop 
experiment should be established to ensure the measurements are made in the 
absence of gravity effects.    
 
The selection of the appropriate size for a sessile drop is directed by the 
capillary length as given in Equation III-1. It defines the boundary between size 
regimes in which gravity is and is not a major effect on the geometry of droplet. 
A droplet with a diameter smaller than the capillary length ensures absence of 
gravity effects and is suitable for contact angle measurements. Those with 
diameters larger than capillary length that are affected by gravity are more 
suitable for surface tension measurement.  
                 (
    
  
)
 
 
                  (III-1) 
where,     is the surface tension of liquid droplet,   is the density of liquid drop 
and   is gravitational acceleration. The capillary lengths calculated for the slags 
used at 1500°C are given in Table III-1. The values of slag density and surface 
tension at 1500°C were obtained using the NPL Slags Model [127]. All slag 
masses used were 0.2g.  
 
Table III-1: The Capillary Length of slags used drops at 1500°C. 
Slag 
Slags composition in mass%     
(mN/m) 
  
(kg/m3) 
Capillary 
Length (mm) CaO Al2O3 SiO2 MgO 
L1 41.8 42.7 9.2 6.3 597 2745.2 6.66 
L2 46.3 37.1 9.8 6.8 594 2734.5 6.66 
L3 50.9 32.9 9.5 6.7 595 2728.6 6.67 
T1 25.5 17.4 57.1 0 408 2565.7 5.70 
T2 32.7 19.2 48.1 0 443 2629.1 5.86 
T3 40.3 19.0 40.7 0 472 2672.4 6.01 
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Appendix IV – Estimation of Time Required for Slag to Reach to 
Experimental Temperature  
In order to ensure the slag was at the experimental temperature prior to adding 
to the substrate the following procedure was adopted. 
 The point of complete melting was established. This was based on camera 
observations of the slag melting. Once the slag was round/oval it was 
assumed to be at its liquidus temperature ( 1). 
 Calculations were then made using simple heat transfer approach to 
estimate the time from         to the experimental temperature. 
 
The heat transfer rate was first calculated according to Equation IV-1 [173]:  
    (     )                    (IV-1) 
where   is heat transfer rate,   is shape factor and   is heat conductivity. 
Considering for the slag pellet being spherical then   is defined based to 
Equation IV-2 [173]: 
  
   
  
 
  
                                                                                                            (IV-2) 
where   is the radius of the furnace tube and   is the diameter of the slag pellet. 
Further, heat energy,   , needed for increase of slag temperature from liquidus 
temperature to the experimental temperature is [173]: 
                                                                                                             (IV-3) 
where   is slag mass,    is specific heat capacity and    is the temperature 
difference between slag liquidus temperature and experimental temperature. 
Calculating the 
  
 
 ratio, the required time for slag to be at experimental 
temperature of the 1500°C can be obtained. This time has been given in the 
Table IV-1 for slags used. It can be seen that the required time for slags used to 
reach to the experimental temperature of 1500°C is approximately 12 seconds. 
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Table IV-1: Estimation of time required for slag to reach to experimental 
temperature. 
Slag  
Slag composition in 
mass%    
(m) 
  
(W/m.k) 
   
(W) 
    
(J) 
t  
(s) 
CaO Al2O3 SiO2 MgO 
L1 41.8 42.7 9.2 6.3 0.03255 0.728 1.137 13.44 11.8 
L2 46.3 37.1 9.8 6.8 0.03259 0.749 2.537 29.22 11.5 
L3 50.9 32.9 9.5 6.7 0.03261 0.763 1.643 18.72 11.4 
T1 25.5 17.4 57.1 - 0.03329 0.727 2.228 25.95 11.6 
T2 32.7 19.2 48.1 - 0.03302 0.744 3.242 37.26 11.5 
T3 40.3 19.0 40.7 - 0.03284 0.761 4.123 46.83 11.4 
 
245 
 
Appendix V – Sessile Drop Image Analysis 
Digital still frames were obtained from the recorded video using the PMB Sony 
Image Analyser. A typical example is given in Figure V-1. 
 
 
Figure V-1: A typical example of still frame of the wetting experiment. 
  
The digital still frames then were converted to high contrast grayscale form 
using “Colour” and “Brightness” tools respectively, in the “Picture” menu in 
screenshots of Microsoft Office Picture Manager. The settings used are given in 
Figure V-2. 
 
  
Figure V-2 (a): Application of “Picture” menu in Microsoft Office Picture 
Manager to obtain grayscale frames. 
8.0134m
m 
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Figure V-2 (b): Application of “Picture” menu in Microsoft Office Picture 
Manager to obtain high contract frames. 
 
The resulting grayscale high contrast image is given in Figure V-3.  
 
 
Figure V-3: The grayscale high contrast image of wetting experiment. 
 
It is this image that is processed using ImageJ (v. 1.60) [174] to produce a 
contact angle. The image dimensions then were calibrated to SI units prior to 
measuring the contact angle parameters. Calibration of the images was carried 
out based on the following steps  
 the scaling element diameter, D, (shown in Figure V-3) was measured cold 
(at room temperature)  
 the cold measurement was corrected for the experimental temperature using 
the linear thermal expansion coefficient for alumina. Details are given in 
Table V-1 
Scaling 
element 
8.0134mm 
at 1500°C 
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Table V-1: Correction of scaling element diameter for 1500°C. 
D at room 
temperature (mm) 
Expansion coefficient 
(/K) [172] 
D at experimental 
temperature (mm) 
8.00 9.00×10-6 8.0134 
 
 the D in the image then was measured using ImageJ when a close up frame 
of the scaling element was provided. For an accurate measurement, the 
sharp edges of the scaling element were obtained using “Find Edge” tool in 
“Process” menu. D was then measured by drawing a straight line in between 
two edges, see Figure V-4 (a) and V-4 (b)  
 the image dimensions then was corrected to SI unit (mm) using “Set Scale” 
tool in “Analyse” menu. The measured distance between two edges (D) in 
pixels was equated to the known distance of 8.0134mm, see Figure V-4 (c)     
 
 
Figure V-4 (a): Calibration of image dimensions, finding the sharp edges. 
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Figure V-4 (b): Calibration of image dimensions, measuring scaling element 
diameter.  
 
 
Figure V-4 (c): Calibration of image dimensions, equating measured D in pixels 
to know D in mm. 
 
The calibrated image was then used for measuring contact angle parameters. A 
frame of spherical cap (slag droplet) on the base plane (substrate) was first 
provided. The radius of the base plane (which is    in Figure 3-9) then was 
measured by drawing a rectangle which its long side was equivalent to the 
length of spherical cap. The length of cap was established manual and a 
rectangle was drawn, see Figure V-5 (a). 
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The height above basal plane (which is   in Figure 3-9) was also measured by 
drawing another rectangle that its short side was equivalent to the height of 
spherical cap, see Figure V-5 (b). 
 
 
(a) 
 
 
(b) 
Figure V-5: Measurement of contact angle parameters using ImageJ [174] (a) 
length of spherical cap (  ) and (b) height of spherical cap ( ). 
 
The measured parameters (   and  ) were used in Equation 3-2 for contact 
angle measurement. 
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Appendix VI – Material Purity 
Material Alumina 
Magnesium 
oxide 
Silicon oxide 
Calcium 
carbonate 
Supplier 
Sigma-
Aldrich 
Sigma-
Aldrich 
Sigma-
Aldrich 
Sigma-
Aldrich 
Product 
number 
265497 342794 342890 398101 
Size 
description 
Very fine 
white powder 
< 10μm 
White powder 
< 44μm 
White powder 
< 44μm 
White powder 
(size not 
available) 
Purity* 99.8 99 99.5 99.9 
Use 
Production of 
calcium 
aluminate, 
spinel and 
slag 
Production of 
spinel and 
slag 
Production of 
slag 
Production of 
calcium 
aluminate 
and slag 
Batch 
number 
MKBD4285V MKBJ0598V MKBN2878V MKBF8266V 
Major 
impurities* 
(mass%) 
ND Na<0.5  Sr<0.1 
Minor 
impurities* 
(ppm) 
Ba 62, 
 Ga 64,  
Ge 15 
Ca<50, 
 Fe<10 
 
Ba<10,  
K<10, 
Mg<10, 
Na<10 
 
ND: No trace metal impurities detected 
* As reported by supplier 
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Appendix VII – Optical Microscope Roughness Interpretative 
Equations [196] and Optical Micrographs for Substrates 
 
VII.1. Surface Measurement Paramerers for Wyco Optical Profilometer 
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VII.2. Optical Micrographs for Substrates 
             
 
 
∑|  |  
where   is the number of optical micrographs (points analysed) and    is the    
value measured for each point. 
 
VII.2.1. Alumina Substrate 
             0.086 
 
  
(a) 
 
  
(b) 
Figure VII-1: Optical micrographs of alumina substrate from Wyko Profilometer, 
(a) point 1 and (b) point 2.  
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(c) 
 
  
(d) 
 
  
(e) 
Figure VII-1 – continued: Optical micrographs of alumina substrate from Wyko 
Profilometer, (c) point 3, (d) point 4 and (e) point 5. 
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(f) 
 
  
(g) 
 
  
(h) 
Figure VII-1 – continued: Optical micrographs of alumina substrate from Wyko 
Profilometer (f) point 6, (g) point 7 and (h) point 8. 
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(i) 
 
  
(j) 
 
  
(k) 
Figure VII-1 – continued: Optical micrographs of alumina substrate from Wyko 
Profilometer, (i) point 9, (j) point 10 and (k) point 11. 
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(l) 
 
  
(m) 
Figure VII-1 – continued: Optical micrographs of alumina substrate from Wyko 
Profilometer, (l) point 12 and (m) point 13. 
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VII.2.2. Spinel Substrate 
             0.109 
 
Note: the spinel substrate used for surface roughness measurement was 
semicircular shape and therefore the roughness measurement was 
carried out only for seven points (points number 1 to 7 in Figure 3-19). 
 
  
(a) 
 
  
(b) 
Figure VII-2: Optical micrographs of spinel substrate from Wyko Profilometer, 
(a) point 1 and (b) point 2. 
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(c) 
 
  
(d) 
 
  
(e) 
Figure VII-2 – continued: Optical micrographs of spinel substrate from Wyko 
Profilometer, (c) point 3, (d) point 4 and (e) point 5. 
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(f) 
 
  
(g) 
Figure VII-2 – continued: Optical micrographs of spinel substrate from Wyko 
Profilometer (f) point 6 and (g) point 7. 
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VII.2.3. Calcium aluminate Substrate 
             0.224 
 
  
(a) 
 
  
(b) 
Figure VII-3: Optical micrographs of calcium aluminate substrate from Wyko 
Profilometer, (a) point 1 and (b) point 2. 
 
262 
 
  
(c) 
 
  
(d) 
 
  
(e) 
Figure VII-3 – continued: Optical micrographs of calcium aluminate substrate 
from Wyko Profilometer (c) point 3, (d) point 4 and (e) point 5. 
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(f) 
 
  
(g) 
 
  
(h) 
Figure VII-3 – continued: Optical micrographs of calcium aluminate substrate 
from Wyko Profilometer, (f) point 6, (g) point 7 and (h) point 8. 
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(i) 
 
  
(j) 
 
  
(k) 
Figure VII-3 – continued: Optical micrographs of calcium aluminate substrate 
from Wyko Profilometer (i) point 9, (j) point 10 and (k) point 11. 
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(l) 
 
  
(m) 
Figure VII-3 – continued: Optical micrographs of calcium aluminate substrate 
from Wyko Profilometer (l) point 12 and (m) point 13. 
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Appendix VIII – LSCM Optical System  
In the LSCM, laser light is focused by an objective lens on to the object, and the 
reflected beam is focused onto a photo detector through a beam splitter, as can 
be seen in Figure VIII-1. An image is established by scanning the focused spot 
relative to the object, that is then stored in an imaging system for subsequent 
display.  
 
 
 
Figure VIII-1: Schematic representation of the LSCM. 
 
Through the use of a confocal pinhole, only light incident from the confocal plane 
is allowed to pass throughout the photo detector. This is represented 
schematically in Figure VIII-2. Light not returning from the specific optical plane 
is blocked by the pinhole. The application of pinhole optics insures a resolution 
for a 0.5μm diameter beam of 0.25μm. 
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Figure VIII-2: Confocal nature of the optics. 
 
Although the shallow depth of focus in the LSCM system is one of the unique 
features since sharp images can be obtained, however it may be unfortunately 
the most important disadvantage of the technique as well. The restriction on the 
confocal depth is of particular crucial while studying liquid metal or slag pools, 
which because of the high surface tensions typical of these systems, results in 
the formation of a pronounced meniscus leading to a localised region of 
brightness. This results in difficulty in resolving the liquid-solid interface across 
the whole field of view leading to poor imaging of the interface progression. 
 
268 
 
Appendix IX – Measurements of   and  , and Resulting   from 
Equation 3-2 for Slags used on Alumina, Spinel and Calcium 
aluminate Substrates 
 
 
      
 
 
              
 
Table IX-1: Measurements of   and   and resulting   from Equation 3-2 for 
slags used on alumina substrate at 1500°C. 
 
Slag T1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 2.52 4.85 54.9 
1 2.43 4.79 53.8 
2 2.37 4.86 52.0 
3 2.32 4.89 50.8 
4 2.23 4.93 48.7 
5 2.15 4.96 46.9 
6 2.13 5.04 45.9 
7 2.01 5.01 43.7 
8 2.04 5.09 43.7 
9 2.0 5.10 42.8 
10 1.93 5.15 41.1 
12 1.90 5.19 40.2 
14 1.85 5.23 39.0 
16 1.79 5.27 37.5 
18 1.71 5.31 35.7 
20 1.68 5.33 35.0 
22 1.63 5.35 33.9 
24 1.60 5.38 33.1 
26 1.55 5.40 32.1 
28 1.53 5.39 31.7 
30 1.53 5.42 31.5 
35 1.49 5.57 30.0 
40 1.44 5.57 29.0 
45 1.41 5.57 28.4 
50 1.35 5.57 27.2 
60 1.28 5.56 25.6 
70 1.28 5.56 25.4 
 
Slag T2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 2.07 4.51 49.3 
1 1.95 4.54 46.5 
2 1.86 4.70 43.2 
3 1.78 4.82 40.6 
4 1.69 4.84 38.5 
5 1.63 4.95 36.5 
6 1.58 4.97 35.3 
7 1.55 5.06 34.1 
8 1.52 5.06 33.5 
9 1.45 5.10 31.7 
10 1.43 5.13 31.2 
12 1.35 5.15 29.4 
14 1.29 5.22 27.8 
16 1.28 5.23 27.5 
18 1.23 5.23 26.5 
20 1.20 5.22 25.9 
22 1.16 5.23 25.0 
24 1.15 5.25 24.7 
26 1.13 5.26 24.2 
28 1.09 5.29 23.3 
30 1.08 5.27 23.2 
35 1.06 5.32 22.5 
40 1.04 5.32 22.1 
45 1.04 5.33 22.1 
50 1.04 5.33 22.1 
60 1.04 5.33 22.1 
70 1.04 5.33 22.1 
 
Slag T3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.91 4.51 46.0 
1 1.81 4.65 42.6 
2 1.64 4.84 37.4 
3 1.58 4.98 35.2 
4 1.50 5.08 32.9 
5 1.47 5.16 31.8 
6 1.42 5.26 30.2 
7 1.36 5.30 28.8 
8 1.32 5.35 27.7 
9 1.31 5.38 27.4 
10 1.28 5.42 26.6 
12 1.23 5.48 25.3 
14 1.20 5.54 24.5 
16 1.19 5.56 24.2 
18 1.16 5.62 23.3 
20 1.14 5.65 22.8 
22 1.13 5.63 22.7 
24 1.12 5.70 22.2 
26 1.09 5.70 21.7 
28 1.06 5.71 21.0 
30 1.04 5.75 20.5 
35 1.04 5.75 20.5 
40 1.03 5.80 20.2 
45 1.03 5.80 20.2 
50 1.03 5.80 20.2 
60 1.03 5.80 20.2 
70 1.03 5.80 20.2 
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Table IX-1 – continued: Measurements of   and   and resulting   from    
Equation 3-2 for slags used on alumina substrate at 1500°C. 
 
Slag L1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.63 4.67 38.5 
1 1.31 4.86 30.2 
2 1.28 5.12 28.1 
3 1.27 5.18 27.6 
4 1.25 5.19 27.1 
5 1.25 5.25 26.8 
6 1.25 5.30 26.5 
7 1.25 5.35 26.3 
8 1.20 5.34 25.3 
9 1.20 5.37 25.2 
10 1.21 5.38 25.4 
12 1.18 5.43 24.5 
14 1.17 5.44 24.3 
16 1.15 5.48 23.7 
18 1.09 5.48 22.5 
20 1.09 5.48 22.5 
22 1.06 5.50 21.8 
24 1.06 5.53 21.7 
26 1.04 5.53 21.3 
28 1.03 5.54 21.1 
30 1.03 5.54 21.1 
 
Slag L2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.38 5.11 30.2 
1 1.25 5.13 27.4 
2 1.22 5.24 26.2 
3 1.22 5.28 26.0 
4 1.20 5.35 25.3 
5 1.15 5.35 24.3 
6 1.15 5.35 24.3 
7 1.15 5.35 24.3 
8 1.13 5.36 23.8 
9 1.12 5.39 23.5 
10 1.12 5.39 23.5 
12 1.10 5.40 23.0 
14 1.10 5.40 23.0 
16 1.09 5.38 22.9 
18 1.09 5.38 22.9 
20 1.09 5.40 22.8 
22 1.07 5.39 22.5 
24 1.06 5.38 22.3 
26 1.04 5.40 21.8 
28 1.04 5.40 21.8 
30 1.04 5.40 21.8 
 
Slag L3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.11 5.70 22.0 
1 1.04 5.74 20.5 
2 1.04 5.74 20.5 
3 1.01 5.74 20.0 
4 1.0 5.73 19.8 
5 1.0 5.74 19.8 
6 0.99 5.76 19.5 
7 0.99 5.76 19.5 
8 0.98 5.76 19.3 
9 0.98 5.78 19.3 
10 0.98 5.80 19.2 
12 0.98 5.79 19.2 
14 0.98 5.79 19.2 
16 0.98 5.79 19.2 
18 0.98 5.79 19.2 
20 0.98 5.80 19.2 
22 0.98 5.80 19.2 
24 0.98 5.78 19.2 
26 0.98 5.78 19.2 
28 0.98 5.82 19.1 
30 0.98 5.82 19.1 
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Table IX-2: Measurements of   and   and resulting   from Equation 3-2 for 
slags used on spinel substrate at 1500°C. 
 
Slag T1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 2.11 5.82 39.9 
1 1.99 5.93 37.1 
2 1.90 5.97 35.3 
3 1.84 6.08 33.7 
4 1.80 6.17 32.5 
5 1.74 6.21 31.3 
6 1.68 6.22 30.3 
7 1.65 6.27 29.5 
8 1.64 6.31 29.2 
9 1.62 6.35 28.6 
10 1.61 6.43 28.1 
12 1.55 6.44 27.1 
14 1.52 6.50 26.3 
16 1.46 6.51 25.3 
18 1.40 6.51 24.3 
20 1.34 6.52 23.2 
22 1.31 6.54 22.7 
24 1.28 6.55 22.1 
26 1.25 6.56 21.6 
28 1.22 6.57 21.0 
30 1.19 6.59 20.5 
35 1.15 6.62 19.7 
40 1.07 6.61 18.4 
45 1.05 6.65 18.0 
50 1.06 6.68 16.7 
60 1.04 6.72 15.9 
70 1.01 6.74 15.5 
 
Slag T2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.42 5.38 29.6 
1 1.35 5.45 27.8 
2 1.27 5.53 25.9 
3 1.20 5.51 24.6 
4 1.17 5.60 23.6 
5 1.15 5.63 23.1 
6 1.12 5.67 22.4 
7 1.11 5.72 22.0 
8 1.08 5.71 21.4 
9 1.05 5.67 21.0 
10 1.02 5.69 20.3 
12 0.97 5.67 19.4 
14 0.93 5.65 18.7 
16 0.91 5.69 18.2 
18 0.89 5.70 17.7 
20 0.86 5.73 17.1 
22 0.83 5.73 16.5 
24 0.81 5.75 16.0 
26 0.78 5.72 15.5 
28 0.76 5.72 15.1 
30 0.75 5.73 14.9 
35 0.73 5.77 14.4 
40 0.72 5.77 14.2 
45 0.72 5.77 14.2 
50 0.72 5.77 14.2 
60 0.72 5.77 14.2 
70 0.72 5.77 14.2 
 
Slag T3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.12 6.10 20.8 
1 1.09 6.17 20.1 
2 1.06 6.17 19.5 
3 1.06 6.33 19.0 
4 1.03 6.33 18.5 
5 1.01 6.34 18.1 
6 0.98 6.34 17.6 
7 0.97 6.37 17.3 
8 0.95 6.36 17.0 
9 0.92 6.36 16.5 
10 0.91 6.39 16.2 
12 0.90 6.40 16.0 
14 0.89 6.41 15.8 
16 0.89 6.46 15.7 
18 0.88 6.46 15.5 
20 0.87 6.47 15.3 
22 0.86 6.48 15.1 
24 0.85 6.48 14.9 
26 0.84 6.49 14.8 
28 0.84 6.50 14.7 
30 0.84 6.51 14.7 
35 0.84 6.52 14.7 
40 0.84 6.52 14.7 
45 0.84 6.52 14.7 
50 0.84 6.52 14.7 
60 0.84 6.52 14.7 
70 0.84 6.52 14.7 
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Table IX-2 – continued: Measurements of   and   and resulting   from   
Equation 3-2 for slags used on spinel substrate at 1500°C. 
 
Slag L1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.41 4.39 34.5 
1 1.35 4.54 32.4 
2 1.27 4.65 29.7 
3 1.22 4.80 27.7 
4 1.19 4.96 26.6 
5 1.16 5.04 25.2 
6 1.14 5.20 24.8 
7 1.11 5.19 23.5 
8 1.08 5.33 22.9 
9 1.08 5.33 22.8 
10 1.06 5.35 22.4 
12 1.04 5.36 21.9 
14 1.0 5.38 21.0 
16 0.98 5.40 20.4 
18 0.96 5.45 19.5 
20 0.95 5.58 19.3 
22 0.93 5.60 18.8 
24 0.92 5.62 18.5 
26 0.91 5.64 18.3 
28 0.90 5.64 18.1 
30 0.90 5.64 18.1 
 
Slag L2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.36 5.73 26.7 
1 1.31 5.85 25.3 
2 1.26 5.89 24.2 
3 1.23 5.89 23.6 
4 1.20 5.90 23.0 
5 1.18 5.90 22.6 
6 1.18 5.94 22.5 
7 1.15 5.94 21.9 
8 1.12 5.96 21.3 
9 1.10 5.99 20.8 
10 1.10 6.02 20.7 
12 1.10 6.08 20.5 
14 1.08 6.07 20.2 
16 1.07 6.09 19.9 
18 1.05 6.07 19.6 
20 1.03 6.06 19.3 
22 1.02 6.10 19.0 
24 1.02 6.10 19.0 
26 0.99 6.13 18.4 
28 0.98 6.20 18.0 
30 0.98 6.21 17.9 
 
Slag L3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.05 4.86 24.4 
1 1.02 4.91 23.5 
2 1.0 5.02 22.6 
3 0.99 5.02 22.3 
4 0.97 5.07 21.7 
5 0.95 5.07 21.2 
6 0.93 5.09 20.7 
7 0.93 5.13 20.6 
8 0.92 5.18 20.4 
9 0.91 5.20 19.9 
10 0.90 5.20 19.6 
12 0.90 5.20 19.6 
14 0.90 5.20 19.6 
16 0.90 5.20 19.6 
18 0.90 5.21 19.6 
20 0.89 5.22 19.4 
22 0.88 5.22 19.1 
24 0.88 5.26 19.0 
26 0.88 5.27 19.0 
28 0.87 5.28 18.7 
30 0.87 5.29 18.7 
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Table IX-3: Measurements of   and   and resulting   from Equation 3-2 for 
slags used on calcium aluminate substrate at 1500°C. 
 
Slag T1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.81 6.27 32.2 
1 1.68 6.41 29.4 
2 1.55 6.54 26.7 
3 1.44 6.80 23.9 
4 1.36 6.95 22.2 
5 1.28 6.97 20.8 
6 1.22 7.03 19.7 
7 1.14 7.09 18.3 
8 1.09 7.17 17.3 
9 1.06 7.21 16.7 
10 1.0 7.16 15.9 
12 0.95 7.17 15.1 
14 0.91 7.20 14.4 
16 0.87 7.16 13.9 
18 0.84 7.11 13.5 
20 0.81 7.15 12.9 
22 0.78 7.07 12.6 
24 0.75 7.06 12.1 
26 0.74 7.09 11.9 
28 0.71 6.98 11.6 
30 0.67 6.71 11.4 
35 0.64 6.82 10.7 
40 0.59 6.47 10.4 
45 0.59 6.47 10.4 
50 0.59 6.47 10.4 
60 0.59 6.47 10.4 
70 0.59 6.47 10.4 
 
Slag T2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.13 6.28 20.4 
1 1.01 6.49 17.7 
2 0.95 6.83 15.8 
3 0.91 6.94 14.9 
4 0.85 6.80 14.3 
5 0.82 6.92 13.5 
6 0.78 6.97 12.8 
7 0.74 6.89 12.3 
8 0.71 6.88 11.8 
9 0.68 6.85 11.3 
10 0.65 6.72 11.1 
12 0.61 6.71 10.4 
14 0.56 6.64 9.6 
16 0.50 6.36 9.0 
18 0.47 6.31 8.5 
20 0.44 6.13 8.2 
22 0.41 5.94 7.9 
24 0.38 5.70 7.6 
26 0.38 5.71 7.6 
28 0.37 5.55 7.6 
30 0.36 5.42 7.6 
35 0.36 5.42 7.6 
40 0.36 5.42 7.6 
45 0.36 5.42 7.6 
50 0.36 5.42 7.6 
60 0.36 5.42 7.6 
70 0.36 5.42 7.6 
 
Slag T3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.01 5.85 19.6 
1 0.88 6.07 16.5 
2 0.79 6.25 14.4 
3 0.72 6.30 13.0 
4 0.66 6.40 11.8 
5 0.62 6.39 11.1 
6 0.60 6.67 10.3 
7 0.57 6.80 9.6 
8 0.54 6.87 9.0 
9 0.49 6.88 8.2 
10 0.47 6.97 7.7 
12 0.41 6.91 6.8 
14 0.35 6.29 6.4 
16 0.35 6.55 6.1 
18 0.30 5.92 5.8 
20 0.29 5.84 5.7 
22 0.29 5.94 5.6 
24 0.29 5.95 5.6 
26 0.29 5.95 5.6 
28 0.29 5.95 5.6 
30 0.29 5.95 5.6 
35 0.29 5.95 5.6 
40 0.29 5.95 5.6 
45 0.29 5.95 5.6 
50 0.29 5.95 5.6 
60 0.29 5.95 5.6 
70 0.29 5.95 5.6 
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Table IX-3 – continued: Measurements of   and   and resulting   from   
Equation 3-2 for slags used on calcium aluminate substrate at 1500°C. 
 
Slag L1 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.25 5.64 25.0 
1 1.12 5.69 22.3 
2 1.09 5.87 21.1 
3 1.04 5.95 19.8 
4 1.02 6.02 19.2 
5 1.02 6.17 18.8 
6 1.01 6.24 17.9 
7 0.98 6.29 17.5 
8 0.97 6.29 16.8 
9 0.93 6.33 16.7 
10 0.93 6.34 16.2 
12 0.90 6.44 15.1 
14 0.85 6.53 15.0 
16 0.85 6.57 14.3 
18 0.82 6.66 13.6 
20 0.78 6.72 13.0 
22 0.76 6.73 12.9 
24 0.76 6.83 12.2 
26 0.72 6.84 11.7 
28 0.69 6.89 11.4 
30 0.68 6.90 11.2 
 
Slag L2 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.18 5.81 23.0 
1 1.08 5.94 20.6 
2 0.93 6.08 17.4 
3 0.90 6.16 16.6 
4 0.87 6.20 16.0 
5 0.85 6.23 15.6 
6 0.85 6.28 15.4 
7 0.85 6.30 15.4 
8 0.82 6.35 14.7 
9 0.79 6.37 14.2 
10 0.79 6.40 14.1 
12 0.76 6.40 13.5 
14 0.77 6.50 13.5 
16 0.75 6.52 13.1 
18 0.70 6.55 12.2 
20 0.68 6.56 11.8 
22 0.66 6.60 11.4 
24 0.63 6.64 10.8 
26 0.60 6.67 10.3 
28 0.60 6.70 10.2 
30 0.60 6.70 10.2 
 
Slag L3 
Time 
 (s) 
   
(mm) 
   
(mm) 
 ° 
0 1.04 5.75 20.5 
1 0.98 5.79 19.2 
2 0.97 5.95 18.5 
3 0.93 5.98 17.7 
4 0.90 6.08 16.9 
5 0.87 6.11 16.2 
6 0.87 6.15 16.1 
7 0.87 6.15 16.1 
8 0.85 6.16 15.7 
9 0.85 6.21 15.6 
10 0.84 6.26 15.3 
12 0.82 6.28 14.9 
14 0.80 6.26 14.6 
16 0.74 6.42 13.2 
18 0.74 6.42 13.2 
20 0.74 6.43 13.1 
22 0.73 6.43 13.0 
24 0.69 6.43 12.2 
26 0.69 6.42 12.3 
28 0.68 6.44 12.1 
30 0.67 6.45 11.9 
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Appendix X – Raw Data of Dissolution Measurements  
The following data is given for each experiment. 
 Measured particle radius (R) values  
   (50%): the time in which slag started to cover the particle i.e. 50% of the 
particle was immersed in the liquid slag 
   (80%): the time in which 80% of the particle was immersed in the slag 
   (Exp. T): the time in which the temperature reached to the experimental 
temperature 
   (Full Cov.): the time in which the particle was fully covered by slag 
 t (bottom): the time at which the particle sank to the bottom of the crucible (if 
applicable) 
   (comp.): the time at which dissolution completed i.e. the particle fully 
dissolved  
 
 
Observations: 
  (50%) -288s   (Full. Cov.) 0s 
  (80%) -188s   (Bottom) N/A 
  (Exp. T) -188s   (Comp.) 1010s  
 
t (s) R (µm) t (s) R (µm) 
-288 101.8 390 60.2 
-180 99.4 420 60.5 
-150 97.8 450 58.4 
-120 98.1 480 57.5 
-90 96.7 510 56.1 
-60 96.5 540 53.7 
-30 95.5 570 51.2 
0 93.0 600 49.3 
30 90.4 630 47.5 
60 87.2 660 45.7 
90 88.2 690 43.6 
105 84.2 720 40.4 
120 82.4 750 38.1 
150 81.2 780 35.8 
165 79.2 810 32.8 
180 77.6 840 29.3 
210 75.8 870 26.0 
240 73.2 900 24.3 
270 69.7 930 22.0 
300 67.2 960 19.4 
330 64.6 990 15.2 
360 61.6 1010 0.0 
 
Figure X-1 (a): Raw data of dissolution of 0.2mm sapphire in slag T1. 
0.0
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time/s 
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Observations: 
  (50%) -144s   (Exp. T) 0s 
  (80%) -40s   (Bottom) N/A 
  (Full. Cov.) -15s   (Comp.) 652s 
 
t (s) R (µm) t (s) R (µm) 
-144 104.4 320 64.0 
-40 100.7 340 61.9 
-15 99.54 360 59.5 
0 95.8 380 58.6 
20 94.1 400 56.3 
40 92.2 420 53.7 
60 89.0 440 52.5 
80 86.6 460 49.4 
100 86.1 480 48.6 
120 81.9 500 44.2 
140 81.2 520 40.2 
160 78.2 540 37.2 
180 76.8 560 34.6 
200 75.7 580 30.6 
220 74.3 600 27.9 
240 70.8 620 23.0 
260 69.8 640 17.0 
280 66.4 645 10.0 
300 67.1 652 0.0 
 
Figure X-1 (b): Raw data of dissolution of 0.2mm sapphire in slag T2. 
 
 
 
Observations: 
  (50%) -150s   (Full. Cov.) 0s 
  (80%) -65s   (Bottom) N/A 
  (Exp. T) -5s   (Comp.) 217s 
 
t (s) R (µm) t (s) R (µm) 
-150 103.2 100 70.4 
-65 101.5 105 67.7 
-35 97.8 110 67.0 
-30 97.6 115 65.3 
0 91.6 120 61.9 
5 92.3 125 61.4 
10 91.6 130 60.3 
15 89.3 135 57.9 
20 88.4 140 54.2 
25 89.0 145 53.3 
30 86.7 150 49.6 
35 86.3 155 48.0 
40 84.7 160 45.2 
45 84.4 165 40.4 
50 83.0 170 39.7 
55 82.6 175 36.5 
60 81.0 180 33.4 
65 80.1 185 30.0 
70 78.2 190 29.0 
75 77.0 195 23.9 
80 76.6 200 22.1 
85 74.7 205 18.3 
90 74.5 210 15.7 
95 71.8 217 0 
 
Figure X-1 (c): Raw data for dissolution of 0.2mm sapphire in slag T3. 
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Observations: 
  (50%) -495s   (Full. Cov.) 0s 
  (Exp. T) -400s   (Bottom) 960s 
  (80%) -395s   (Comp.) 2274s 
 
t (s) R (µm) t (s) R (µm) 
-495 151.7 800 87.8 
-400 148.1 840 84.3 
-395 149.1 880 80.1 
-160 144.4 920 74.6 
0 135.0 960 69.2 
40 130.8 1000 67.1 
80 127.0 1040 64.9 
120 121.7 1080 62.3 
160 121.2 1120 59.9 
200 118.7 1160 59.6 
240 115.5 1200 59.2 
280 113.8 1240 57.4 
320 111.4 1280 56.3 
360 111.2 1320 54.3 
400 110.7 1360 52.6 
440 109.9 1400 51.8 
480 109.2 1440 50.5 
520 108.4 1520 45.8 
560 107.8 1600 43.6 
600 104.9 1680 36.8 
640 101.3 1760 34.8 
680 97.3 1928 31.7 
720 94.2 2008 28.0 
760 90.8 2275 22.9 
 
Figure X-2 (a): Raw data of dissolution of 0.3mm sapphire in slag T1. 
 
 
 
Observations: 
  (50%) -178s   (Full. Cov.) 0s 
  (80%) -119s   (Bottom) 400s 
  (Exp. T) -90s   (Comp.) 1004s 
 
t (s) R (µm) t (s) R (µm) 
-178 151.7 450 88.9 
-119 151 465 84.9 
-60 147.7 480 80.6 
-30 145.5 510 80.2 
0 138.3 525 75.1 
30 136.0 540 70.4 
60 134.3 555 66.2 
75 129.1 570 62.4 
90 126.7 600 60.6 
120 124.1 615 57.2 
150 118.7 630 52.6 
180 118.7 660 47.9 
210 112.5 690 43.6 
240 108.9 720 39.9 
255 104.6 750 37.7 
270 100.5 780 31.9 
300 97.6 810 26.8 
330 95.9 840 24.9 
360 91.1 870 18.5 
390 90.0 900 16.4 
420 87.1 1004 0.0 
 
Figure X-2 (b): Raw data of dissolution of 0.3mm sapphire in slag T2. 
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Observations: 
  (50%) -170s   (Full. Cov.) 0s 
  (80%) -81s   (Bottom) 120s 
  (Exp. T) -45s   (Comp.) 464s 
 
t (s) R (µm) t (s) R (µm) 
-170 150.6 195 95.1 
-81 149.2 202 91.9 
-45 147.2 210 89.3 
-15 147.0 225 83.5 
0 145.2 240 79.1 
15 143.0 247 77.6 
22 142.3 255 74.4 
30 141.5 270 71.2 
45 138.6 285 66.1 
52 135.8 300 63.9 
60 132.8 307 60.9 
75 128.1 315 58.8 
90 116.1 330 53.3 
105 119.8 337 51.8 
112 115.5 345 50.0 
120 113.3 360 44.2 
135 110.7 375 41.8 
142 108.7 390 38.1 
150 107.0 405 32.4 
165 101.6 435 22.1 
180 97.6 464 0.0 
 
Figure X-2 (c): Raw data of dissolution of 0.3mm sapphire in slag T3. 
 
 
 
Observations: 
  (50%) -1117s   (Full. Cov.) 0s 
  (80%) -1050s   (Bottom) N/A 
  (Exp. T) -900s   (Comp.) 3797s 
the particle stuck to a bubble close to the wall of the crucible 
from t=206s to t=2780s then moved around in the slag bulk to 
the end of experiment. 
t (s) R (µm) t (s) R (µm) 
-1117 204.3 1500 145.9 
-1050 201.8 1650 144.0 
-900 201.4 1725 143.0 
-600 198.2 1800 142.1 
-300 195.6 1875 141.2 
-150 195.3 1950 140.4 
0 193.1 2100 140.3 
75 191.2 2175 137.1 
150 189.1 2250 133.4 
300 184.7 2325 132.3 
375 179.6 2400 131.3 
450 175.3 2550 128.5 
525 172.9 2625 125.0 
600 171.3 2700 121.5 
750 165.5 2850 118.7 
825 163.4 2925 112.7 
900 161.7 3000 105.9 
1050 157.7 3150 99.1 
975 159.4 3300 91.8 
1200 149.9 3450 73.7 
1275 149.2 3600 55.1 
1350 148.4 3750 37.0 
1425 147.1 3797 0.0 
 
Figure X-3 (a): Raw data of dissolution of 0.4mm sapphire in slag T1. 
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Observations: 
  (50%) -118s   (Full. Cov.) 0s 
  (80%) -44s   (Bottom) 291s 
  (Exp. T) 0s   (Comp.) 2347s 
 
t (s) 
R 
(µm) 
t (s) 
R 
(µm) 
-118 207.1 1095 94.4 
-44 206.0 1155 90.6 
15 205.4 1215 87.8 
75 197.2 1275 82.7 
135 188.6 1335 79.1 
195 175.3 1395 78.4 
255 160.0 1455 72.9 
315 155.9 1515 71.1 
375 146.9 1575 65.9 
435 143.6 1635 59.5 
495 136.8 1695 57.6 
555 124.4 1755 54.0 
615 121.7 1815 51.9 
675 119.0 1875 46.5 
735 115.8 1935 42.4 
795 111.4 1995 39.9 
855 106.3 2055 37.7 
915 103.4 2200 23.5 
975 98.2 2348 0.0 
1035 96.9   
 
Figure X-3 (b): Raw data of dissolution of 0.4mm sapphire in slag T2. 
 
 
 
Observations: 
  (50%) -246s   (Full. Cov.) 0s 
  (80%) -146s   (Bottom) 76s 
  (Exp. T) -146s   (Comp.) 702s 
 
t (s) 
R 
(µm) 
t (s) 
R 
(µm) 
-246 203.4 320 133.1 
-146 201.4 340 125.6 
-120 200.6 360 117.3 
-60 195.9 380 109.7 
0 191.2 400 112.6 
20 188.0 420 109.0 
40 182.8 440 101.2 
60 177.8 460 99.0 
80 180.6 480 90.5 
100 174.5 500 88.7 
120 167.3 520 80.9 
140 162.2 540 74.2 
160 160.7 560 66.0 
180 157.2 580 58.2 
200 153.9 600 56.2 
220 147.3 620 47.7 
240 150.8 640 43.8 
260 146.4 660 36.7 
280 141.8 680 21.4 
300 136.6 702 0.0 
 
Figure X-3 (c): Raw data of dissolution of 0.4mm sapphire in slag T3. 
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Observations: 
  (50%) -74s   (Full. Cov.) 0s 
  (80%) -21s   (Bottom) 578s 
  (Exp. T) -16s   (Comp.) 3516s 
the particle stuck to a bobble close to the wall of the 
crucible from t=130s to t=232s. 
 t (s) 
R 
(µm) 
t (s) R (µm) 
-74 201.4 1140 20501 
-21 198.9 1200 114.1 
-16 198.9 1320 107.3 
0 198.5 1440 102.5 
120 193.1 1560 97.6 
180 187.9 1680 96.5 
240 181.5 1800 91.1 
300 176.1 1920 86.1 
360 171.4 2040 83.9 
420 169.2 2160 81.3 
480 166.3 2280 75.2 
540 164.5 2400 71.8 
600 162.9 2520 68.5 
660 157.3 2580 6001 
720 151.7 2640 58.7 
780 142.2 2760 53.7 
840 133.8 2880 47.0 
900 129.6 3000 42.0 
960 125.8 3240 34.1 
1020 122.6 2480 15.7 
1080 120.1 3516 0.0 
 
Figure X-4 (a): Raw data of dissolution of 0.4mm alumina-magnesia particle in 
slag T1. 
 
 
 
Observations: 
  (50%) -103s   (Full. Cov.) 0s 
  (80%) -48s   (Bottom) 489s 
  (Exp. T) -13s   (Comp.) 1137s 
 
t (s) 
R 
(µm) 
t (s) 
R 
(µm) 
-103 199.2 450 103.2 
-48 197 480 101.8 
-13 195.9 510 92.8 
0 195.4 540 86.0 
30 184.0 570 85.6 
60 181.2 600 80.6 
90 174.9 630 79.3 
120 174.3 660 76.5 
150 173.7 690 68.1 
180 167.6 720 66.7 
210 163.0 750 64.5 
240 161.2 780 58.7 
270 155.2 810 56.3 
285 148.8 840 52.7 
300 143.1 870 49.4 
330 139.2 900 45.6 
360 137.8 930 41.3 
375 125.7 1037 33.4 
390 117.8 1070 26.3 
420 109.3 1137 0.0 
 
Figure X-4 (b): Raw data of dissolution of 0.4mm alumina-magnesia particle in 
slag T2. 
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Observations: 
  (50%) -154s   (Full. Cov.) 0s 
  (80%) -58s   (Bottom) 95s 
  (Exp. T) -23s   (Comp.) 835s 
 
t (s) 
R 
(µm) 
t (s) 
R 
(µm) 
-154 204.7 400 118.3 
-58 201.0 420 111.8 
-23 196.3 440 108.6 
0 194.9 460 101.6 
20 193.1 480 99.8 
40 183.3 500 97.2 
60 177.5 520 93.2 
80 182.5 540 90.3 
100 177.5 560 86.2 
120 171.6 580 77.2 
140 165.9 600 74.2 
160 163.0 620 69.4 
180 158.9 640 64.1 
200 156.1 660 59.5 
220 150.6 680 56.0 
240 147.7 700 49.9 
260 143.0 720 45.7 
280 139.4 740 41.0 
300 133.2 760 36.0 
320 128.8 780 30.4 
340 128.8 800 22.5 
360 125.6 835 0.0 
380 121.9   
 
Figure X-4 (c): Raw data of dissolution of 0.4mm alumina-magnesia particle in 
slag T3. 
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Appendix XI – Details of the Characterisation of the 
Reaction/Penetration at the Slag-Substrate Interface 
Details of the characteristics of the slag-substrate interface and 
penetration/reaction of the slag into/with the substrate are given in detail in this 
Appendix.  
 
XI.1. Penetration/Reaction of the L-type Slags in Different Substrates 
XI.1.1. Characteristics of the penetration/reaction layer 
For alumina and spinel substrates, there was a penetration/reaction layer of    
L-type slags into substrate. This was a ~25µm layer for alumina (see Figure 4-4 
(a) to 4-4 (c)) and a ~200µm layer for spinel (see Figure 4-5 (a) to 4-5 (c)). For 
the calcium aluminate substrate however, there was no simple reaction or 
penetration layer as found in the alumina and spinel systems. There is a 
significant reaction between the slag and the calcium aluminate substrate. It 
would also appear that there are pieces of the calcium aluminate substrate 
breaking off into the slag, though remaining near the interface.  
 
The similar depth of penetration for L-type slags into alumina and spinel 
substrates is consistent with Equation 5-1 [184]:  
   (    
 
 
) (
   
 
)    
Data for     and   values of the slags (obtained as explained in section 5.1.2 
and given in Table 5-1) and   values in Figure 4-2 only change over a narrow 
range; therefore it would be expected that these slags have similar penetration 
depths,  .      
 
XI.1.2. Characteristics of the phases identified in the penetration/reaction 
layer   
Thermodynamic analysis of the slag-substrate systems (see isopleths 
representing L-type slags-substrate systems, given in Figure 4-23 to 4-25 for 
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alumina, spinel and calcium aluminate respectively) was undertaken to 
establish possible stable phases in this system with a view to identifying 
experimentally observed reaction interface phases. A summary of this 
assessment is given in Table XI-1.  
 
Table XI-1: Identification of the experimentally observed phases at the reaction 
interface of L-type slags-substrate systems with MTDATA [171] predicted stable 
phases at 1500°C. 
Substrate Slag 
MTDATA [171] predicted 
phases (compositions in 
mass %) 
Identified phases via EDS 
analysis with regards to analyses 
in Table 4-1   
Phase Evidence 
Alumina 
L1 
L2 
L3 
Slag (as given in Table 3-1), 
Spinel (71.7Al2O3-28.3MgO), 
CA2 (22.6CaO-78.4Al2O3), 
CA6 (8.4CaO-91.6Al2O3), 
Corundum (Al2O3), 
Melilite (40.9CaO-37.2Al2O3-
21.9SiO2) 
CA6 
Analyses No. 3, 6 
and 9 in Figures 4-4 
(a), 4-4 (b) and       
4-4 (c) 
Spinel 
L1 
L2 
Slag (as given in Table 3-1), 
Spinel (71.7Al2O3-28.3MgO) 
Slag 
(white 
phase) 
Analyses No. 13 and 
17 in Figures 4-5 (a) 
and 4-5 (b) 
Spinel 
(dark 
phase) 
Analyses No. 12 and 
16 in Figures 4-5 (a) 
and 4-5 (b) 
L3 
Slag (as given in Table 3-1), 
Spinel (71.7Al2O3-28.3MgO), 
Halite (MgO) 
Slag 
(white 
phase) 
Analysis No. 21 in 
Figure 4-5 (c) 
Spinel 
(dark 
phase) 
Analysis No. 20 in 
Figures 4-5 (c) 
Calcium 
aluminate 
L1 
L2 
L3 
Slag (as given in Table 3-1), 
Calcium aluminate (35.5CaO-
64.5Al2O3) 
Slag 
(dark 
phase) 
analyses No. 23, 27 
and 33 in Figures  
4-6 (a), 4-6 (b) and  
4-6 (c) 
Calcium 
aluminate 
(grey 
phase) 
analyses No. 24, 29 
and 31 in Figures  
4-6 (a), 4-6 (b) and  
4-6 (c) 
 
 
The key points in Table XI-1 are: 
1. For  alumina  substrate,  the  experimentally  identified  phase  has  
close composition to CA6 and may correspond to this phase. However, given 
the nature of the sample (reaction layer thickness and surrounding layers), it 
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was not possible to carry out XRD to identify the phase. Given the 
thermodynamic and EDS analysis, the reaction layer is assumed to be CA6. 
 
2. For spinel substrate, there was a good agreement between 
experimentally identified and thermodynamically predicted stable phases in 
contact with slags L1 and L2. For spinel-slag L3 system, there was an 
inconsistency where halite (MgO) was not identified in the experiment (Figure 
4-5 (c)). More detailed thermodynamic analysis of the phases formed at 1500°C 
for slag L3 in contact with spinel was carried out and presented in Figure XI-1. It 
can be seen that, for mass fraction of spinel to slag up to ~0.76, the amount of 
spinel is linearly decreasing and inversely proportional to the liquid oxide phase. 
After this point, it is primarily liquid oxide that is stable. The amount of halite 
(MgO) phase predicted to form, shown in Figure XI-1, reached a maximum of 
~0.6% by mass and is only stable over a very limited spinel-slag mixture range. 
Given this small value and the limitations of EDS analysis, it is not surprising 
that the MgO phase was not found in the penetration layer of the slag L3. 
   
 
 
Figure XI-1: MTDATA [171] thermodynamic calculations showing the mass of 
phases present at different spinel to slag L3 mass ratios at 1500°C.  
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3. For calcium aluminate, there is a good agreement between 
thermodynamically predicted phases and those identified via EDS analysis. 
 
XI.1.3. Modification of slag bulk composition in L-type slags-substrate 
systems 
Evaluation of the EDS analysis of the crystalline slag phase in L-type slags-
substrate systems when compared to those of the original slag compositions 
(Table 3-1) indicated that the slag phase has been depleted in CaO and SiO2 
and enriched in Al2O3 (see analyses No. 1, 4 and 7 in Figures 4-4 (a), 4-4 (b) 
and 4-4 (c) for alumina, analyses No. 10, 14 and 18 in Figures 4-5 (a), 4-5 (b) 
and 4-5 (c) for spinel and analyses No. 23, 27 and 33 in Figures 4-6 (a), 4-6 (b) 
and 4-6 (c) for calcium aluminate, given in Table 4-1). This was less 
pronounced for slag L1 in contact with alumina and spinel substrates.  
 
XI.2. Penetration/Reaction of the T-type Slags in Different Substrates 
XI.2.1. Characteristics of the penetration/reaction layer 
The reaction interface of alumina substrate with T-type slags was broadly 
dependent on slag composition/basicity. It changed from a largely unmodified 
substrate with no slag penetration for slag T1, to a roughened surface of the 
substrate with slag penetration (~200µm deep) for slag T2 and to a roughened 
surface of substrate with slag penetration (~400µm deep) and evidence of 
reaction products for slag T3. 
 
For spinel substrate in contact with these slags there was a slag penetration of 
substrate with no discernible product or intermediate phases. This penetration 
layer is likely to have similar depth (~1000µm) for all T-type slags. (see low 
magnification images from the T-type slags-spinel substrates in Figures 4-8 (a) 
to 4-8 (c)).  
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Assessment of the reaction interface for calcium aluminate substrate was 
difficult due to the experimental issue (see observations in section 4.1.1). There 
may be slag penetration of the substrate but it was difficult to establish the 
original slag-substrate interface to assess. 
 
The increased penetration of the alumina substrate with increased basicity from 
T1 to T3 is consistent with that expected from the simple penetration model 
given in Equation 5-1. The higher basicity slags on this substrate have lower   
(Figure 4-1), lower   and higher     (as given in Table 5-1) leading to an 
increase of the penetration depth,  . Similar depth of penetration of T-type slags 
in spinel substrate is inconsistent with Equation 5-1. This may be due to a 
range of possibilities caused by differences in phases identified at reaction 
interfaces and those predicted by MTDATA [171] thermodynamic analysis. This 
will be detailed in section XI.3. 
 
XI.2.2. Characteristics of the phases identified in the penetration/reaction 
layer 
Thermodynamic analysis of the slag-substrate systems (see isopleths 
representing T-type slags-substrate systems, given in Figure 4-26 to 4-28 for 
alumina, spinel and calcium aluminate respectively) was undertaken to 
establish possible stable phases in this system with a view to identifying 
experimentally observed reaction interface phases. A summary of this 
assessment is given in Table XI-2. 
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Table XI-2: Identification of the experimentally observed phases at the reaction 
interface of T-type slags-substrate systems with MTDATA [171] predicted 
stable phases at 1500°C. 
Substrate Slag 
MTDATA [171] predicted 
phases (compositions in 
mass %) 
Identified phases via EDS 
analysis with regards to analyses 
in Table 4-2 
Phase Evidence 
Alumina 
T1 
Slag (as given in Table 3-1), 
Corundum (Al2O3), 
Feldspar (20.2CaO 
36.5Al2O3-43.2SiO2), 
Mullite (71.8Al2O3-28.2SiO2) 
Slag 
(white phase) 
analysis No. 37 in 
Figure 4-7 (a) 
Alumina 
(dark phase) 
analysis No. 36 in 
Figure 4-7 (a) 
T2 
Slag (as given in Table 3-1), 
Corundum (Al2O3), 
Feldspar (20.2CaO-
36.5Al2O3-43.2SiO2), 
Slag (white 
phase) 
analyses No. 41 
and 42 in Figure 
4-7 (b) 
Alumina 
(grey phase) 
analysis No. 40 in 
Figure 4-7 (b) 
T3 
Slag (as given in Table 3-1), 
Corundum (Al2O3), 
CA6 (8.4CaO-91.6Al2O3) 
Slag 
(white phase) 
analyses No. 46 
to 47 in Figure  
4-7 (c) 
Alumina 
(dark grey 
phase) 
analysis No. 49 in 
Figure 4-7 (c) 
CA6 (dark 
grey phase) 
analysis No. 48 in 
Figure 4-7 (c)  
Spinel 
T1 
T2 
T3 
Slag (as given in Table 3-1), 
Spinel (71.7Al2O3-28.3MgO) 
Slag (white 
phase 
analyses No. 53, 
57 and 61 in 
Figures 4-8 (a),  
4-8 (b) and  
4-8 (c) 
Spinel (grey 
phase) 
analyses No. 52, 
56 and 60 in 
Figures 4-8 (a),  
4-8 (b) and  
4-8 (c) 
Calcium 
aluminate 
T1 
T2 
T3 
Slag (as given in Table 3-1), 
CA (35.5CaO-64.5Al2O3),  
CA2 (22.6CaO-78.4Al2O3), 
Melilite (40.9CaO-37.2Al2O3-
21.9SiO2) 
CA (dark 
grey phase) 
analyses No. 65 
and 77 in Figures  
4-9 (a) and  
4-9 (c) 
CA2 (dark 
phase) 
analyses No. 64, 
70 and 76 in 
Figures 4-9 (a),  
4-9 (b) and 4-9(c) 
Melilite (light 
grey phase) 
analysis No. 66, 
in Figure 4-9 (a), 
analyses No. 71 
and 72 in Figure 
4-9 (b) and 
analyses No. 78 
in Figure 4-9(c) 
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The key points in Table XI-2 are: 
 
1. For the alumina-slag T3 system, there is agreement between 
thermodynamically predicted phases and those identified via EDS analysis. For 
the alumina-slag T1 system, the feldspar and mullite phases and for alumina-
slag T2 the feldspar phase, have not been identified via EDS analysis.  
 
More detailed thermodynamic analysis of the phases formed at 1500°C for 
alumina-slag T1 and alumina-slag T2 systems given in Figure XI-2 and XI-3 
respectively showed that the amount of mullite for the former system and 
feldspar for the latter system predicted to form is <0.1 by mass fraction. Given 
the limitations of EDS analysis, it may be expected that these phases would not 
be identified via EDS. For the alumina-slag T1 system, the feldspar phase (~0.7 
by mass fraction) though, if formed, should have been found by EDS. The 
absence of feldspar in this system may be linked to a range of possibilities 
detailed in section XI.3. 
  
 
Figure XI-2: MTDATA [171] thermodynamic calculations showing the mass 
fraction of phases present at different alumina to slag T1 mass ratios at 1500°C. 
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Figure XI-3: MTDATA [171] thermodynamic calculations showing the mass 
fraction of phases present at different alumina to slag T2 mass ratios at 1500°C. 
 
2. For spinel substrate, the experimentally observed phases were 
consistent with those predicted to be stable via thermodynamic analysis. 
 
3. For calcium aluminate substrate in contact with T-type slags, the liquid 
slag phase, despite the prediction via thermodynamic analysis, was not 
identified through EDS analysis. It is likely that in these systems, the liquid slag 
has mostly/completely reacted with calcium aluminate, due to a very reactive 
system, leading to the formation of reaction products. Moreover the CA phase 
was not observed for the calcium aluminate-slag T2 system (see section XI.3 
for possible justifications).   
 
XI.2.3. Modification of slag bulk composition in T-type slags-substrate 
systems 
Evaluation of the EDS analysis of the crystalline slag phase for T-type slags-
substrate systems when compared to those of the original slag compositions 
(Table 3-1) indicated that for the T-type slags-alumina system, the slag phase 
has depleted in SiO2 (and CaO only for slag T3-alumina substrate system) and 
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enriched in Al2O3 (see analyses No. 34, 38 and 43 in Figures 4-7 (a), 4-7 (b) 
and 4-7 (c) for slags T1, T2 and T3 respectively, given in Table 4-2). For T-type 
slags-spinel substrate, the crystalline slag phase is depleted in CaO and SiO2 
and enriched in Al2O3 and MgO (see analyses No. 50, 54 and 58 in Figures     
4-8 (a), 4-8 (b) and 4-8 (c) for slags T1, T2 and T3 respectively).  
 
XI.3. Possibilities for Differences in Phases Identified at Reaction 
Interfaces and those Predicted by MTDATA [171] Thermodynamic 
Analysis 
There may be a range of possibilities for differences in the phases identified at 
the interfaces of the reaction systems and those predicted by the MTDATA 
[171] thermodynamic analysis (similar to those found for alumina-slag T1 and 
alumina-slag T2 systems in section XI.2.2). Given that the kinetic experiments 
represent a point in time of a reaction process and MTDATA only represents 
equilibrium phases, it may be that the thermodynamically predicted phases 
have had no time yet to form or are unlikely to evolve as a result of a large 
activation energy for their formation. 
 
These experiments are conducted at high temperature and the interfaces are 
inspected at ambient temperature. The working assumption is that these 
ambient phases are representative of the high temperature condition. However, 
there are always limitations of such an assumption causing uncertainties in the 
kinetic experiments. There is the obvious, that any liquid formed is not stable at 
low temperature and transforms to other phases on cooling. This could also be 
true for some of the other high temperature phases. 
 
There is also uncertainty in the EDS analysis. This is basically due to the 
electron beam overlapping phase boundaries leading to an aggregate 
representation of two (or more) phases, or sub-surface penetration of the beam 
producing characteristic spectrum for “unseen” elements or phases. This is 
unavoidable in multiphase regions and can result in the mis-identification of 
phases with phase compositions near a phase boundary transition. To some 
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degree, X-ray diffraction analysis of the reaction layer would eliminate these 
issues; however, the nature of the reaction couples (slag-substrate samples) in 
this study and the reaction interface post-experiment prohibited preparation of a 
sample suitable for this analysis technique.   
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Appendix XII – Calculation of the Slags Viscosity (η) using 
Riboud Model [188] 
The η data were calculated via Riboud model [188]. This model makes use of 
the Weymann or Frenkel relationship given in Equation 5-3:  
η       
 
 
                                                                                               
where   is temperature and,   and   values are derived from Equations XII-1 
and XII-2 respectively [188]. 
                                                                 (XII-1) 
                                                             (XII-2) 
where        and       are mole fraction of Al2O3 and CaF2, and        and 
        are obtained via Equations XII-3 and XII-4 respectively [188].  
                                                                                      (XII-3) 
                                                                                                   (XII-4) 
The molecular weight for CaO, Al2O3, SiO2 and MgO used in Equation XII-1 to 
XII-4 are 56.1, 102, 60.1 and 40.3 g/mol respectively [187]. 
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Appendix XIII – Calculation of Slags Density (ρ) using NPL 
Slags Model [127] 
The T-type and L-type slags ρ was calculated using NPL Slags Model [127] via 
Equation 5-4: 
ρ  
 
 
   
where   and   are molar volume and molar weight of the slag are calculated 
using Equations XIII-1 and XIII-2 respectively. 
                                                                                                 (XIII-1) 
                                                                                            (XIII-2) 
where       ,        and        are the partial molar volume, mole fraction and 
molecular weight of the slag constituents respectively. The values of   for 
different oxides are given in Table XIII-1, it is noted that value for   for SiO2 and 
Al2O3 are not constant but are dependent upon their mole fractions. The 
temperature dependence of the molar volume (     ) is derived using a mean 
value of 0.01% (/K). The molecular weight for CaO, Al2O3, SiO2 and MgO used 
in Equations XIII-1 and XIII-2 are 56.1, 102, 60.1 and 40.3 g/mol respectively 
[187]. The difference between calculated and experimental values has been 
found to be usually within 2% [127]. 
 
Table XIII-1: Recommended values for the partial molar volume,  , of various 
slag constituents at 1500°C [127]. 
Oxide   (cm3/mol) Oxide   (cm3/mol) 
SiO2 19.55 + 7.966   (SiO2) MnO 15.6 
Al2O3 28.31 + 32   (Al3O2) Na2O 33 
CaO 20.7 CaF2 31.3 
MgO 16.1 P2O5 65.7 
FeO 15.8 TiO2 24 
Fe2O3 38.4   
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Appendix XIV – Details of the Correction Approaches for 
Modification of Dissolution Data when the Particle is at the 
Bottom of the Crucible 
Modification of the data for the time period when the particle was at the bottom 
of the crucible was carried out by applying an active volume/area concept. The 
concept here was that when the particle was at the bottom of the crucible, only 
a fraction of the volume/area of the particle was active in the dissolution 
process, i.e. 95%, 90% etc. From this reduction in volume/area, a new radius, 
  , was calculated. 
 
The active fraction of the volume/area and    associated with that for the time 
period when the particle was at the bottom was obtained through a range of 
techniques detailed in this Appendix. 
 
It was intended that these approaches were to be applied to experiments where 
the particle sank to the bottom of the crucible and only to the dissolution data in 
each experiment after sinking. Prior to applying to all the data, the approach(s) 
was evaluated on a single typical dataset, namely a 0.4mm sapphire-slag T2 
system. If the approach(s) proves successful then it would be applied to all the 
data.    
 
XIV.1. Modification of data using a set active volume fraction of the 
particle 
In this technique the active volume of the particle for reaction was estimated by 
a fraction ( ) of the particle’s apparent volume. To calculate the active volume, 
the following steps were carried out. 
 
 The volume of the particle was calculated using the measured radius ( ) at 
a given time and was defined to           as given in Equation XIV-1.  
          
 
 
                             (XIV-1) 
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 A range of volume fractions (  ) were calculated using the apparent volume 
using Equation XIV-2: 
                                                                                                   (XIV-2) 
where   is the active fraction of the particle volume, e.g. 95%, 90% etc. 
 
 The active volumes,   , were used to calculate the    using Equation XIV-3. 
   (
   
  
)
 
 
                                                                                                (XIV-3) 
 
These obtained    values were used in plots of   vs. time (for chemical reaction 
control) and   vs. time (for mass transfer control).  
 
XIV.2. Modification of the data using the volume of a spherical frustum 
In this technique the active volume of the particle for reaction was estimated 
with a sphere frustum (shown schematically in Figure XIV-1).  
 
 
Figure XIV-1: Approximation of the active volume of the particle after sinking to 
the bottom of the crucible with reference to the volume of a spherical frustum. 
 
where   is the radius of the particle, h is a specific height/fraction of the particle 
radius which is cut off from the bottom of the particle,    is the volume 
associated with the cut-off frustum and,    and    represent the remaining 
volume of the particle.  
 
  
 − h 
h 
a 
 3 
 2 
 1 
The active volume 
The inactive volume 
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To calculate the active volume of the particle (     ) and the corresponding 
   values, the following steps were carried out. 
 
    was calculated using the frustum equation given in Equation XIV-4:  
   
 
 
 h  3 − h                                                                                       (XIV-4) 
    was calculated using Equation XIV-5:  
   
 
 
 
 
 
                                                                                                  (XIV-5) 
    was obtained through Equation XIV-6: 
     −                                                                                                   (XIV-6) 
 The active volume was then calculated using Equation XIV-7: 
                                                                                                        (XIV-7) 
 the    value then was calculated through Equation XIV-8: 
   (
   
  
)
 
 
                                                                                                 (XIV-8) 
These    values obtained were used in plots of   vs. time (for chemical reaction 
control) and   vs. time (for mass transfer control). 
 
XIV.3. Modification of the data considering an active area of the particles 
in rate equations for the chemical reaction and mass transfer models 
In this technique the rate equation for the chemical reaction and mass transfer 
mechanisms were recalculated/modified using an active or apparent area of the 
particle. 
 
The rate equation for the mass transfer mechanism in the SCM is expressed by 
Equation XIV-9 [129]: 
−
 
   
   
  
                                                                                                (XIV-9) 
where     is the unchanged exterior surface in m
2,    is the mass of dissolving 
reagent   in mole,   is constant,   is the concentration driving force in mol/m3 
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and   is the stoichiometric coefficient of dissolving  . In Equation XIV-9, the     
term is defined by Equation XIV-10 [129]: 
                                                                                                       (XIV-10) 
where    is the molar density of dissolving   and    is the volume change of 
dissolving reagent  . For a spherical particle, Equation XIV-10 can be 
expressed by Equation XIV-11 [129]. 
        (
 
 
   )                                                                                   (XIV-11) 
Substituting Equation XIV-11 into Equation XIV-10, Equation XIV-12 is obtained 
[129]. 
       4   
                                                                                       (XIV-12) 
The     in Equation XIV-9 was assumed to be a fraction of the particle’s 
apparent area. For a typical active fraction of 60%, Equation XIV-13 was 
obtained:  
         (4    
 )  2 4    
                                                                 (XIV-13) 
where    is the modified/new radius associated with the active area. Equation 
XIV-14 was then obtained by substituting Equation XIV-13 into Equation XV-9.  
−
 
      
  4   
    
   
  
                                                                        (XIV-14) 
Equation XIV-14 can be simplified to Equation XIV-15. 
−1                                                                                               (XIV-15) 
For the mass transfer mechanism in the Stokes regime,   is defined by 
Equation XIV-16 [129]: 
  
 
 
                                                                                                         (XIV-16) 
where   is the diffusion coefficient and   is the particle radius. Equation XIV-15 
was then rearranged to Equation XIV-17 and then to Equation XIV-18 using 
Equation XIV-16.  
−1         
   
  
                                                                                   (XIV-17) 
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−1          
   
  
                                                                                  (XIV-18) 
Integrating Equation XIV-18, Equations XIV-19 to XIV-21 were obtained.   
−1   ∫        
   
  
∫   
 
 
  
  
                                                                      (XIV-19) 
−1     
  
 
 
−
  
 
 
  
   
  
                                                                             (XIV-20) 
−1       
 −   
   
    
  
                                                                         (XIV-21) 
Equation XIV-21 was rearranged such that it could be simply comparable to the 
rate equation for the mass transfer mechanism (Equation 2-68). It is given in 
Equation XIV-22.   
1   [(
  
  
)
 
− 1]  
        
    
                                                                       (XIV-22) 
 
Also, the chemical reaction rate equation (Equation XIV-23) was used to modify 
the rate equation for an active area of 60% similar to that attempted for the 
mass transfer model.  
−
 
   
   
  
                                                                                              (XIV-23) 
where    is the first-order rate constant for the surface reaction. Through a 
similar procedure to that explained for the mass transfer model, the modified 
rate equation for the chemical reaction model for an active area of 60% was 
obtained, as given in Equation XIV-24. 
1   *(
  
  
) − 1+  
        
    
                                                                        (XIV-24) 
These    values obtained were used in plots of   vs. time (for chemical reaction 
control) and   vs. time (for mass transfer control). 
298 
 
Appendix XV – Details of Calculation of Diffusion Coefficient,  , 
for Sapphire and the Alumina-magnesia Particles in Slags       
T1 to T3    
The   values for sapphire and the alumina-magnesia particles were calculated 
through a rearranged form of Equation 2-68 given in Equation 5-18: 
  
  
    (
 
 
)
       
                                                                                                  
where   is the (
 
  
)
 
   term as defined in Equation 5-12 and other symbols 
are as given in section 2.4.1.  
 
The slope of the   vs.   plots obtained via the linear regression of the data 
(given in Figures 5-18 (b) to 5-21 (b)) was used to give the (
 
 
) term in Equation 
5-18.  
 
The stoichiometric coefficient,  , for the sapphire and the alumina-magnesia 
particle dissolution reaction in Equation 2-61 (section 2.4.1) is 1.  
 
The    term (driving force for reaction in molar unit) for sapphire was calculated 
via Equation XV-1: 
                                                                                                    (XV-1) 
where the subscript sat. is for saturation and represents the Al2O3 interfacial 
concentration at the particle-slag interface and the subscript bulk represents the 
Al2O3 concentration in slag bulk. The assumption being it is the aluminium-
oxygen complex anion is the rate limiting species of the particles.  
 
For the alumina-magnesia particle the    was calculated assuming either the 
aluminium-oxygen complex anion or the magnesium cation as potential rate- 
limiting species using Equations XV-1 and XV-2 respectively:  
                                                                                                   (XV-2) 
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where     is driving force assuming the magnesium cation is the rate-limiting 
species and subscripts sat. and bulk are of the same as in Equation XV-1. 
 
To calculate    term, the molar concentrations of (bulk) slags T1 to T3 
constituents,   , were calculated using Equation XV-3:  
   
       
       
                                                                                                (XV-3) 
where    is the molecular weight of constituent  ,   is the density of the slag and 
       is the mass concentration of constituent  .  
 
The molecular weights for CaO, Al2O3, SiO2 and MgO are 56.1, 102, 60.1, and 
40.3 g/mol respectively [187]. The molar concentration of slags T1 to T3 is 
given in Table XV-1 as established from thermodynamic analysis. The 
saturated slag compositions were established using MTDATA thermodynamic 
analysis (isopleths were given in Figures 4-26 (a) to 4-26 (c) for sapphire and in 
Figure 4-29 (a) to 4-29 (c) for the alumina-magnesia particle).The   and   of the 
slags T1 to T3 (obtained via NPL Slag Model, detailed in section 5.1.2 and 
given in Table 5-1). These are reproduced in Table XV-1. 
 
Table XV-1: Slag compositions in molar volume (mol/m3). 
Slag 
Composition in molar volume    
(kg/m3) 
   
(Pa.s) CaO 2565.7 7.894 
T1 11662 2629.1 3.013 2565.7 7.894 
T2 15325 2672.4 1.092 2629.1 3.013 
T3 19198 4978 18098 2672.4 1.092 
 
The saturated slag compositions (in both mass% and molar unit), the ρ value for 
these slags and the calculated    and     values obtained are given in Table 
XV-2 for sapphire and in Table XV-3 for the alumina-magnesia particle. 
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Table XV-2: The saturated slag compositions, density of the saturated slags 
and    values obtained for sapphire-slag systems. 
Slag unit 
Saturated slag composition ρsat. 
(kg/m
3
) 
   
(mol/m
3
) CaO Al2O3 SiO2 
T1 
Mass % 23.7 23.2 53.1 
2591.0 1517 
Molar volume 10946 5893 22892 
T2 
Mass % 26.5 34.7 38.8 
2683.2 4179 
Molar volume 12675 9128 17323 
T3 
Mass % 26.7 46.3 27.0 
2751.3 7511 
Molar volume 13094 12489 12360 
 
Table XV-3: The saturated slag compositions, density of the saturated slags 
and,    and     values obtained for the alumina-magnesia particle-slag 
systems.  
Slag unit 
Saturated slag composition ρsat. 
(kg/m
3
) 
   
(mol/m
3
) 
    
(mol/m
3
) CaO Al2O3 SiO2 MgO 
T1 
Mass % 16.5 40.7 36.8 6.0 
2604.2 1981 4004 
Molar volume 7909 10730 16466 4004 
T2 
Mass % 21.9 42.2 32.2 3.7 
2716.5 6290 2494 
Molar volume 10605 11239 14554 2494 
T3 
Mass % 28.2 39.9 28.5 3.4 
2724.4 5691 2301 
Molar volume 13710 10669 12934 2301 
 
The particle densities are given in Table 3-9. The density values, the    values 
(the particle radius at time zero, measured through image analysis as explained 
in section 3.2.1) the slopes (collected from Figures 5-18 (b) to 5-21 (b)) and the 
  values calculated via Equation 5-18 are given in Table XV-4 for sapphire in 
Table XV-5 for the alumina-magnesia particle.  
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Table XV-4: Calculated   for sapphire from the SCM using Equation 5-18. 
Slag Nominal diameter, (mm)     (µm)  
 
 
 (/s)   (m2/s) 
T1 
0.2 93.0 -0.0011 1.29 × 10-10 
0.3 135.0 -0.0006 1.36 × 10-10 
0.4 193.1 -0.0002 9.24 × 10-11 
0.5 230.8 -0.0002 1.32 × 10-10 
T2 
0.2 95.8 -0.0016 6.61 × 10-11 
0.3 138.3 -0.0013 1.12 × 10-10 
0.4 205.4 -0.0006 1.14 × 10-10 
0.5 229.4 -0.0005 1.13 × 10-10 
T3 
0.2 91.6 -0.0046 9.66 × 10-11 
0.3 145.2 -0.0027 1.42 × 10-10 
0.4 191.2 -0.0016 1.46 × 10-10 
0.5 232.9 -0.0009 1.22 × 10-10 
 
Table XV-5: Calculated   and    for the alumina-magnesia particle from the 
SCM using Equation 5-18 (  is the diffusion coefficient calculated assuming the 
aluminium-oxygen complex anion is the rate-limiting species and    is the 
diffusion coefficient calculated assuming the magnesium cation is the rate-
limiting species of the particle). 
Slag 
    
(µm) 
 
 
 
 (/s)   (m2/s)    (m2/s) 
T1 198.5 -0.0004 9.59 × 10-11 4.74 × 10
-11 
T2 195.4 -0.0013 9.51 × 10-11 2.40 × 10
-10 
T3 188.3 -0.0014 1.13 × 10-10 2.79 × 10
-10 
 
The plot of   vs. slag   for dissolution of sapphires and the alumina-magnesia 
particles was given in Figure 5-25.  
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Figure 5-25 (repeated). 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 2 4 6 8
D
 ×
 1
0
¹⁰
 (
m
²/
s)
 
η (Pa.s) 
0.2mm particle 0.3mm particle 0.4mm particle
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0 2 4 6 8
D
 o
r 
D
' ×
 1
0
¹⁰
 (
m
²/
s)
 
η (Pa.s) 
D, assuming the aluminium-oxygen anion is rate-controlling species
D', assuming the magnesium cation is rate-controlling species
T1 
T2 T3 
T1 T2 
T3 
